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I. ABSTRACT

This doc_lent is the final report on the design, development,

fabrication 3 and test of a laboratory prototype_ passive vaporizing

liquid ammonia attitude control system. Performance tests have

demonstrated the specified control and conceptual operation of a fully

passive ammonia feed system coupled with attitude control thrusters.

The system operates at spacecraft ambient temperatures and is composed

of the following subsystems: liquid ammonia propellant storage tank

with zero-g heat exchanger-vaproizer intimately brazed onto the

exterior; liquid throttling valve; gas pressure regulation; solenoid
J

• ounted thrusters; and inline solenoid valve. The system was designed

to meet the thrust level requirements (0.315 lbf/nozzle) of a

hypothetical spacecraft in the 14_000 slug-ft 2 class. The principal

_yst_m feature is the passive zero-g feed system which draws the

needed thermal energy for the latent heat of vaporization of the liquid

a_onia from the liquid _mmonia sensible heat and spacecraft waste heat.

+
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A. PROGRAM OBJECTIVE

The overall objective of this program was to design_ fabrcate_

develop_ and test one prototype passive vaporizing liquid ammonia (NH 3)

system for ultimate application in spacecraft attitude control. The

system was defined to be a laboratory prototype_ functionally similar to

flight hardware_ but not totally optimized. It would consist of an

integrated passive zero-g propellant storage tank and feed system with

attitude control thrusters which would help solve the problems associated

with its design and would advance the state of the art. The goal of the

design was to utilize spacecraft waste heat to vaporize sufficient

ammonia propellant to supply two thruster nozzles simultaneously_ each

nozzle generating 0.315 lbf for up to 18.2 seconds. These performance

parameters are applicable to a hypothetical spacecraft with a mass

moment of inertia of 14j000 slug-ft 2, _tllz!ng two thrusters to produce

a moment couple upon the space,raft to accomplish roll or pitch maneu-

vers. The goal of the testing effort was to obtain an a_onia gas flow

rate of 6.3 x 10 -3 lb/sec from the feed system_ and demonstrate that the

system concept works through the successful functioning oF the components

as an integrated attitude c-:_trol systen.

_ B. SYSTEM DESCR_PflO_ AND OPERATIONAL CONC_

: The system concept under _tu_y incorporates in it_ :_ign a heat

_ exchanger-vaporizer for effective conversion of a_o,_l_ from a liquid to

_ a gaseous state. The type of vaporizer selected i_, _ single pass tubu-

lar heat exchanger (with associated throttle valve connected at theentrance) intimately brazed in a helical coil to the exterior surface of

the propellant storage tank_ as shown in Figure 1.

This type of heat exchanger-vaporizer provides a simple solution to

the three major requirements for a liquid storage 2 gaseous feed ammonia

propellant system: (1) furnishing the energy required to vaporize the

ammonla_ (2) designing an effective heat exchanger to transfer the heat

of vaporization into the liquid 2 and (3) controlling the liquid-vapor

/ interface in the storaEe tank at zero gravity.

_ The heat exchanger furnishes the energy required from two heat

,_ sources: the sensible heat of the fuel tank and liquid propellant_ and

_ the thermal radiation and conduction from spacecraft structure and

1969024501-009



Figure 1. 18 Inch Propellant Tank with Nest Exchanger Brazed onto Exterior
Surface. (Note NLchrome Strips Used to __ld _eat Exchanger Ln
Place During Brazing Operation).

2
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elect ronic._ components.

The heat transfer is effectively accomplished in the helical coil

by the very short thermal path accross the tank and tube walls_ compared

to the long flow path. During zero-g operation, since ammonia is a

wetting liquid, the bulk of the inner surface of the tank will be in

intimate contact with the liquid ammonia, and the sensible heat of the

• liquid will be readily available for transfer through the wall of the

tank into the heat exchanger. After passing through the two phase

, throttling valve, any liquid in the heat exchanger will be driven to the

wall by centrifugal force where vaporization will take place.

The heat exchanger approach to the solution of the zero-g storage

problem can be described as follows:

Two solenoid valves, shown in Figure 2_ are used to control pro-

pellant flow; the thruster solenoid valve_ and a solenoid valve between

the storage tank outlet and throttling valve. The two valves operate

simultaneously so that there is always a dynamic fluid in the heat ex-

changer while thrusting. The key feature of this approach is the two-

phase throttling valve at the inlet of the heat exchanger 3 which auto-

matically adjusts its effective flow area to acconnnodate either liquid

or vapor_ while maintaining a constant pressure d_fferential between the

tank and the vaporizer whenever propellant is flowing. With this feature_

it is irrelevant whether liquid or gaseous ammonia is extracted from the

cank_ and therefore control of the liquid-gas interface is unnecessary.

The solenoid valve between the tank and the throttling valve is

actuated each time a thruster valve pair is turned on. Its function is

to prevent flooding of the vaporizer during non-operative periods.

Flooding c&n occur if there is a decrease in vehicle temperatur_._ where-

upon the vapor lu the heat exchanger would condense and the throttling

valve s in an effort to maintain the constant pressure differential be-

tween the tank and the heat exchanger_ would permit more ammonia to
i

enter the heat exchanger. The positive shutoff by the solenoid valve

prevents this occurrence.

Automatic compensation for either liquid or vapor flow was men-

tioned above as one of the features of the two phase throttling valve.

A second reason for the use of th_s valve isp of course_ to provide

proper thermodynamic throttling of the ammonia as a prerequisite for [

the ammonia entering the heat exchanser tubing. The throttle valve |

3 !

I
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produces a pressure differential during periods of propellant flow be-

tween the storage tank and the heat exchanger tubing. The pressure dif-

ferential causes a corresponding saturation temperature differential to

exist between the storage tank and the throttled ammonia. Hence a neces-

sary teaperature potential is established to initiate a heat transfer

, process, from the storqe tank sensible heat and thermal radiation, to the

ammonia in the heat exchanger tubing.

• During the operation of this system_ the storage tank temperature

will diminish as heat is removed for vaporization. The system can con-

tinue to operate within a pressure time transient until the pressure in

the storage tank 2 and hence the vaporizer output pressure, drops below

an acceptable value for proper operation of the attitude control

thrusters.

C. LABORATORYSYSTEM DESCRIPTION
Hill lll:l i J HI

There is only one major conceptual difference between the laboratory

passive vaporizing ammonia system and a flight version. In the lab-

oratory version_ one solenoid valve is added (SV-2_ Figure 3)_ which is

used to control liquid mmonia tapped from the bottom of the storage

tank. In the laboratory at one g_ the best method of simulating e_ther

vapor or liquid effluent from the storage tank is to tap vapor from the

storage tank ullage cavity via SV-l_ and liquid via SV-2. During

operation of the system t if the vapor feed mode is desired_ SV-1 and

SV-3 and 4 will be pulsed simultaneously; if the liquid feed mode is

desired_ SV-2 and SV-3 and 4 are pulsed simultaneously.

The general layout of components for the laboratory prototype

attltude control system is given in Figure 4.

D..,I.ASOBATOI_.SY_ _ DmI_m

uHll HHI

l. Total impulme_ 5800 lb_-se_.

2. Thruster for_e level_ 0.315 lbf +

3. Nominal gas &_ne_atton _te_ 6.3 x 10-3 lb/sec.

I

5

i
1
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Throttle

Vapor Valve

t Figure 3. Laboratory Passive Vaporising Annnonta System.
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COMPONENTDESIGN

Laboratory St0rage Tank, Design

Early in the program_ type 6061-T6 aluminum_ a likely candidate

alloy for flight design_ was considered for the laboratory prototype

along with type 304 stainless steel. The main advantage of the use of

aluminum was a closer approach to flight deslgn_ and an increased

knowledge of the associated technology and problems. The advantages of

stainless steel were simplicity of fabrication_ lower cost_ shorter

lead time and more reliable delivery date.

In order to demonstrate the concept with a minimum of extraneous

problems_ it was decided to go with stainless steel for the laboratory

prototype. Since the flight design would not use a statrless steel alloy,

the laboratory prototype tank was designed for laboratory testing only,

based on the following assumptions:

a. Highest environmental use temperature in the GE laboratory -

85°F.

b. Highest internal use vapor pressure - 165 psia. Max temporary

storage temperature - 120°F.

e. Tank to be mounted in a soft nylon support sling; therefore no

_ local stress problems.

_. d. Material - 304 annealed stainless steel. Material strength:

: Sy = 30_000 psi minimum.

e. Safety factor - 1.5 based on 0.2%offset minimum yield of

304 SS annealed.

•_ f. Specific impulse of ammonia gas at ambient temperature - lO0 sec.
L

The most important functional similarity between the laboratory

tank and flight hardware is heat transfer. Since the limiting thermal

conductivity is that of the ammonia vapor in the heat exchanger and the

ammonia liquid in the tank_ it can be easily shown that the difference

in thermal conductivity between aluminum and stainless steel does not

siKnificantl_ affect the overall heat transfer characteristics. The

heat transfer coefficients for aluminum and stainless steel are

46.8 x 103 and 3.2 x 103BTU/hr-ft2-°F_ respectively_ while that of

liquid ammonia is only 3.77 x 102B_/hr-ft2-°F. Assuming that the

liquid film thickness is equal to the tank wall thickness, the overall

heat transfer coefficients for the case of aluminum and stainless stool

8

i
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tanks differ by less than 10_. In the case of the heat exchanger, using

: the value of 1.73 x 102 for the heat transfer coefficient of the

saturated ammonia vapor film, the overall heat transfer coefficient in

the case of aluminum is 1.72 x 102 BTU/hr-ft2°F compared to 1.64 x 102

BTU, hr-ft2-°F for the stainless steel heat exchanger. This difference is

less than 5%.

. The tank volumetric capacity was first determined from a considera-

tlon of the total impulse requirement as follows:

a. Total Impulse = 5800 ibf-sec.

b. Using a propellant specific impulse Isp = i00 sec, the amount

of propellant required is ITOTA L = 5800 lbf-sec = 58 lb.
. J i . . J. i

Isp 100 lbf-sec
lb

i c. NH 3 density = 35.3 lb/ft 3.

d. Allowing a 5% propellant contingency_ the propellant required

then becomes 1.05 x 58 lb = 61 lb.

e. Allowing a 5% ullage volume_ the total tank volume required

becomes 61 lb x 1.05 = 1.815 ft 3

_z 35.3 ib/ft 3

f. A spherical tank with this capacity will require an inside

radius of 9.1 inches.

The tank material thickness was then determined utilizing the

equation t = NPR, where s : 0.2% offset yield strength for annealed 304
2s

stainless steel, P = use pressure (165 psta), R = radius, and N = safety

factor. Therefore, t = (1.5) (165 lb/in 2) (9.1 _n) = 0.038 inches.

(2) (30_000 lb/ln 2)

Since the method of fabrication for the sphere was known to be
either hydroforming or spinning_ the tank thickness was specified to

be 0.040-0.055 inches which would allow for an expected 0.015 - O.O17-

inch thtnout during forming when starttng with O.055-tnch-thtck stock.

The tank procurement was based oa the following specifications:

a. 18.200+ 0.200I.D. type304 stainless steel sphere with a

3-Inch-long 0.280 x O.O30wall type 304 stainless steel ftll

and drain tube welded In each end.

b. Finished thickness of sphere to be 0.040 - 0.085 inches.

9
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c. All welds to be helium mass spectrometer leak checked. Total

leakage shall not exceed 10 -8 std. cc/sec.

d. The completed tank shall be hydrostatically pressure tested at

250 pstg three times for a total of six minutes. The hydro-

static test shall not cause permanent defornation along any

circumference greater than 0.12 inches. (Note: This corresponds

to deflection within the material elastic limit.)

e. After hydrostatic pressure testing_ the tank shall be thoroughly

flushed with reagent grade methyl alcohol_ rinsed with Freon-12_

and dried in a stream of nitrogen.

f. To avoid any tendency to plug the lines or orifices in the flow

path_ the outlet from the tank will be equipped with an in-line

filter of lO£pore stze_ many times smaller _.han the smallest

passage in the flow path.

Heat Exchanger/Vaporizer Design

The single-pass tube heat exchanger was sized utilizing a computer

program previously developed at General Electric. The tubing slze_

i.e._ inside diameter and length t is computed based on the assumption of

a constant wall temperature and a gaseous heat transfer coefficient

prevailing throughout the total length of the heat exchanger. These

assumptions are conservative since in x'ealtty wet vapor and/or liquid

ammonia w_ll enter the heat exchanger and a heat transfer coefficient

much greater than the gaseous case will prevail until the liquid is

vaporized. The conservative nature of the calculations was experimentally

verified in some subscale feed system tests as described in Section V-I.

The information gained from the sub-scale tests made it possible to

selectively pick the computer output data considered co be most nearly

optimized for the 18.2-Inch propellant storage tank. This engineering

estimate of the tubing size was necessary because a complete theoretical

analysis of a transient heat flux heat exchanger was beyond the scope of
z

this program. The computer output sheet from which the tube size was

estimated Is presented in fJeetion V-_o

s_

Thls same method was used to clean the tank prior to buildup into the
s._'stem. The maximum particle size allowed wss 100 microns. The process
used for this operstlon is described In 8peclflcatlon 03-0050-00-A,
appearing as Appendix A. The cleaninl facilities are described In Speci-
fication 03-0049-00-A and is included in this report as Appendix B.

10
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Since this type system operates during a declining temperature

environment, it is necessary to size the heat exchanger to operate

satisfactorily at low temperatures (45°F or so), with the knowledge that

at higher spacecraft v_nbient temperatures the system will be over-designed.

The final size selected for the heat exchanger tubing was 125 feet

long, 0.230 inches inside diameter_ and a O.010-inch-thick tube wall.

• Furnace brazing was the technique chosen for Joining the heat

exchanger tubing with the storage sphere. As mentioned in the system

, descr_ption_ the heat exchanger is intimately brazed onto the exterior

surface of the storage sphere. The brazing was accomplished per the

specification listed in Section V-K. The procurement concept under which

the brazing was completed permitted the vendor to seivct the braze alloy_

subject to GE approval. The actual brazing fabrication technique is

related in Section V-L. A drawing showing the final tank/heat exchanger

design is provided in Fig. 4a.

The finished storage tank with heat exchanger/vaporizer attached

was painted with Cat-A-Lac flat black high thermal emissivity paint

(_ = 0.9) to promote radiation heat reception.

Thruster Design

The thrusters for the system were specified to produce 0.315 lbf

+ 20_. The design chamber pressure selected was 22.25 psia° This

pressure choice is a result of an examination of the possible ranges

of regulated thruster gas supply pressure possible with this type of

vaporizing system, plus the necessary pressure for good supersonic

nozzle characteristics. Since the system concept utilizes a sizable

pressure drop in the heat exchanger tubing to obtain a large heat

transfer coefficient, the amount of pressure available at the thruster

nozzle may not be much higher than 30 psia or so, depending on how low

the spacecraft temperature may drop. Therefore_ the pressure _nosen

was 22.2_ psia.

Following the decision to regulate the Mmonia gas pressure at tLe

nozzles to 22.25 psia, the next step was to size the nozzles. The nozzle

sizing is accomplished through the use of the already available GI(NSP)

computer programs which calculate the performance of an axisymsetric

t supersonic nozzle with laminar boundary layer. The first step was to use

the computer program wtth approximately 24 known sLzes scaled from pz_-

11

1969024501-020



, I " I " IP " I '" i .I

13

1969024501-021



vlously designed nozzles as input data. Then the output data closest to

the desired nozzle characteristics were extracted and plotted. The

desired nozzle slze is then extracted from the graphical plot and run on

the computer for confirmation of thrust and predicted I
sp

The nozzle size which will produce the desired performance is

depicted in the solenoid valve drawing, Figure 5. It should be noted

that the nozzle is designed to fit directly onto the outlet of the

q solenoid. Following the receipt of the nozzles from the vendor, the

precise size was obtained through precision measurements and the computer

was again employed to make a predicted performance calculation for the

nozzle while operating in hard vacuum. The results of this computer run

are presented in the reproduced computer output sheets in Section V-M

Also presented is the predicted performance of the nozzles when operating

with various ambient back pressures. Those calculations were made to yet

an advance indication of nozzle performance with back pressure since the

vacuum facility to be used for system testing will be unable to exhaust

6.3 x 10 -3 lb/sec ammonia gas (two nozzles operating simultaneously) and

_ maintain zero millimeters mercury ambient pressure.

It is noted from SectionV-I that the expected degradation in nozzle

•;_ performance will be within the _ 20_'thrust level specified for this

program. A photo of a detachable thruster nozzle is presented in Figure 6.

::. The engineering print showing method of "O"-ring sealing and direct

_ mounting on the so].enold valve is presented in Figure 5.

_ Solenoid Valve and Filter Design

There are three separate solenold valve requirements for the lab-

oratory system - (i) the two valves which operate in low-pressure

ammonia gas (22.25 psia _ 20_), SV-3 and SV-4 (Figure 3); (2) the vapor

feed valve SV-I, operating in gaseous ammonia at 70-140 psla; and (3)

the liquld feed valve SV-2, operating in llquld ammonia at 70-140 psla.

In the laboratory system design one single solenoid valve size was

used for all three iocatio._s for reasons of economy and slmpllclty.

The solenoid valve used was sized by Allen Design Incorporated,

Burbank, California, to incorporate a 0.140-inch-dlameter orifice flow

• path_ which will restrict pressure losses to 1_ - 7% for inlet pressures

Y of 23-140 pslao respectively. The operating voltage is 18 V.D.C.

1969024501-022
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minimum. This solenoid valve is sized precisely for the thruster nozzle

and is over-sized for both the liquid feed valve SV-2 and vapor feed

valve SV-I. A descriptive photo of the solenoid volve is presented in

Figure 7. The engineering drawing of the solenoid valve is presented

in Figure 5.

The filter selected for protection of the solenoid valves

is the 60-micron filter seal by Waster Filter Company, Incor-

porated, Figure 8. The seal consists of a truncated cone-

shaped seal which mates with standard AN flare fittings attached

to, and acting as a support for, a cylindrical filter screen.

The material of construction is 304 stainless steel with Heliarc

welded fabrication. The filter was to be installed at the inlet

of each In-line solenoid valve, i.e., SV-1 and SV-2.

Gas Pressure Regulator Design

The gas regulator is a vendor-designed component. The

operating requirements for the regulator are described in the

specification presented in Section V-N. Generally_ the regulator

is to maintain an outlet pressure of 22.25 + 0.25 psia output atm

: a mass flow rate of 6.3 x 10 -3 lb/sec gaseous ammonia. Regulators

which would meet the specification were designed by two qualified

vendors, but were not built due to budgetary limitations and a

lead time which would have placed receipt beyond the program

finish date. For future reference, the vendors were Sterer Engineering

and Manufacturing Co._ Los Angeles, California and Carelton Controls

Corp., East Aurora, New York.

A discussion of the gas pressure regulation problems encountered

and the final regulators used for the System Tests are described

in Section V-F.

16
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Throttle Valve Design

The feed system design incorporates a throttling valse

which operates in conjunction with the tubular heat exchanger.

The throttle valve is located at the entrance to the heat

" exchanger tubing and is necessary for system operation. The

reason for the throttle valve is twofold. The first is described

• in Section V-F_ which is to provide automatic compensation for

either liquid or vapor effluent from the storage tank under

zero-g operation. The second reason is to accomplish proper

thermodynemic throttling of the ammonia as a prerequisite for

the ammonia entering the heat exchanger tubing. The throttle

valve produces a pressure differential during periods of pro-

pellant flow between the storage tank and the vaporizer. The

pressure differential causes a corresponding saturation tempara-

ture differential to exist between the storage tank and the

throttled ammonia, thus establishing a temperature potential

necessary to initiate the heat transfer process from the

storage tank sensible heat_ to the ammonia in the heat exchanger

tubing.

The type of throttling valve selected for use on the system

is a spring-loaded poppet check valve. The particular model

chosen is that fabricated by Republic Manufacturing Company,

model number 488-4-SS-T-20, with a spring specified to obtain

25 psi throttling pressure drop. The valve is constructed of

300 series stainless steel_ and was supplied with an ethylene

propylene seat for long-term compatibility with ammonia liquld

and vapor. This valve is shown in Fig. 9.

E. TESTING REQUIREMENTS
IH,ll

INTRODUCTION
, j

The second major task of this program was to conduct a testing pro-

gram on the laboratory prototype system wlth a testing philosophy directed

: 19
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toward (1) obtaining basic information which would enlarge the practical

body of knowledge of the system, and (2) demonstrating successful gas

generation operation of the feed system concept.

DATA REQUIRE_TS

As an aid to understanding the test data point terminology, refer to

Figure 10, System Instrumentation. The test plan and data requirements

• are divided into two sections as follow:

S_s_em,Check and CalibratlonTest

1. Test Condition

a. Vacuum - ambient

b. Room temperature

2. Purpose

a. Determine system operability

b. Determine system instrumentation calibration

c. Operational checkout of test equipment

d. Determine leakage

3. Mode of Operation

a. Liquid feed mode

b. Vapor feed mode

c. Pulse - at nominal thrust to gain familiarity with system

characteristics.

d. Continuous thrusting - total of 1/2 hour operation or until

regulator input pressure (P3) drops below 2 times output

pressure (P4) .

4. Measured Data

a. Thruster thrust

b. Storage tank temperature (T6)

c. Storage tank pressure (P1)

d. Nozzle inlet pressure (P4)

e. Nozzle temperature (T 5)

f. Line pressures (P2_ P3_ P4)

g. Heat exchanger wall temperatures at lO-foot intervals

(TC-11 through TC-20)

h. Throttle valve inlet and outlet pressures ard temperatures

(PITI and P2' T2)"
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i. System thermal decay

5. Calculated Data

a. Gas flow rate

System Performance Test

1. Test Conditions

a. Vacuum - ambient

b. Storage tank temperature - from room temperature down to

, approximately 45°F.

2. Purpose

a o Demonstrate capability of system to operate with e_ther liquid

or vapor feed into the beat exchanger_ and produce superheated

gas at the heat exchanger outlet.

b. Determine system parameters such as pressures_ temperatures, and

specific impulse.

3. Mode of Operation

a. Liquid feed

b. Vapor feed

c. Alternating liquid-vapor feed

: d. Two nozzles simultaneously

:. e. Variable storage tank propellant levels (100_, 75%, 50_, 25%)

_ 4. Measured Data

a. Thruster thrust

b. Tank temperature (T6)

c. Tank pressure (P1)
%

¢ d. No=Ale inlet pressure (P4)

e. Nozzle temperature (T5)

: f. Line pressure (Pl, P2' P3_ P4 )

g. Throttle valve inlet and outlet pressures and temperatures

(Pl' TI and P2_ T2)"

h. Elect_ical power requirments (8V-l_ SV-2_ SV-3, SV-4)

5. Calculated Data

a. Specific lmpulse

b. Heat transfer rates

c. Gas flow rates

TEST FACILITIES
i|J,,,,,

The facility requirements for conducting the system test program

i
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are itemized below:

1. Vacuum Chamber - to provide a vacuum environment tor proper

operation of both the feed system and thrusters. The vacuum

chamber will simulate a constant temperature spacecraft

radiation heat source for the feed system. The thrusters

require a vacuum environment greater than 20,000 microns for

satisfactory performance; refer to Appendix E for elaboration•

The vacuum facility at GE(NSP) Evendalej Ohio_ Figure 11_ incor-

porates a Stokes Model 1721 which can achieve this low pressure with a

gaseous ammonia flow rate of 6.3 x 10 -3 lb/sec into the chamber.

The vacuum system will also be needed for filling the propellant

t_nk. See Section V-O for a description of the filling technique.

2. Propellant storage tank support structure - the propellant

storage tank had to be sturdily mounted inside the vacuum

chamber, yet permit easy removal for filling and weighing. An

aluminum cage structure with a nylon storage tank support sling

was assembled 3 Figures 12 and 13_ to fulfill this requirement•

3. Thrust Ri_ - The thrust rig is used to measure the thruster

output. The thrust rig is a sensitive instrument, suspended

inside the vacuum chamber_ which will allow measurement of the

output of one thruster. A pictorial view of the thrust rig is

shown in Figure 14. (The linear displacement force transducer

was not installed in its mount at the time the photo was taken.)

The thrust rig utilizes a segment of the propellant flow tubing

for thrust rig suspension. The spring hysteresis of the tubing

is accounted for in the calibration of the displacement transducer.

INSTRUM_TATION

The test instrumentation used for measurement and control of the

system operation is itemized as follows:

a. DC power supply

b. Eight channel Sanborn Model 150 strip chart recorder

c. _,.!_nold valve control switches

d. Honeywell k_ _oint tempozature recorder

e. Hewlet Packard Model WTA 100-1 (0-100 gram) linear displacement

transducer

f. Type K (Chromel-Aluael) thernocoup_s

24
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Figure 12. Feed System Components Mounted in Support Structure (End View).
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Figure 13. Feed Syetem Components Mounted in Support Structure (Top View).
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g. Teledyne Type 217-SA_ 227, and 217 pressure transducers

h. Statham pressure transducer

The thruster thrust was sensed by t_e Hewlet Packard linear displace-

ment transducer_ which was statically mounted to the facility so that

the movable stylus touched the thrust rig table. This thrust measure-

ment system was calibrated so that the thruster force output could be

recorded directly in milllpounds on the Sanborn strip chart recorder.

The thruster chamber pressure (P4) was measured with the Teledyne

Type 217 (O-100 pct_) transducerj the throttle valve outlet pressure (P2)

with the Statham (n. 200 psia) transducer, and the throttle valve inlet

pressure (P1) with the Teledyne Type 217-SA (0-200 psia) transducer.

The pressure transducers were all calibrated in vacuum (60 microns)

against a kno_ pressure of static nitrogen gas read on a Wallace &

Tiernan Model FA 233 reference gage. The pressure data from all trans-

ducers were recorded on the Sanborn strip chart recorder.

All temperature measurements were made with Type K (chromel-alumel)

thermocoupleJ. The propellant temperature measurements at T2_ T3_ and

T4 utilized 1/16-inch-diameter_ stainless-steel-sheathed# thermocouples

projecting into the flow path. These thermocouple outputs were

recorded on the Sanborn instrument. One other temperature (T5) , sensed

by a spot welded thermocouple on the thruster nozzle# was recorded on

the Sanborn instrument.

The other system temperatures_ TI_ T6_ and TC-11 through TC-20 were

• recorded on the Honeywell multipoint recorder. Thermocouples TC-11

through TC-20 were attached to the surface of the heat exchanger tubes

with Ecco Bond 285 epoxy cement.

The most important data sought from the system testing were recorded

on the Sanborn strip chart recorder. This data revealed the state of the

. ammonia propellant at the critical points in the system. These data

points allow continuous determination of whether the propellant is

. superheated or a wet vapor.

The data obtained from the heat exchanger thermocouples were used to

make a rough determination of the position of the liquid boiling region

in the heat exchanger. This was not intended to give precise quantitative

information but rather a general indication. As it turned out) the

temperatures varied too rapidly for the multipoint recorder to always

record a meaningful trend.
29
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A general overview photo of the instrumentation, controls_ and

recorders is presented in Figure 15. Figure 16 shows a top view of the

system mounted in the vacuum chamber support structure.

F. SYSTEM TEST RESULTS

TEST PROCEDURE

The testing phase of the program was planned to obtain basic

information on the system operating characteristics under various modes

of operation. The different modes are outlined in Section E, Data

Requirements. Briefly stated, the test procedure consisted of the

following sequence:

i. i00_.,full tank

First storage tank temperature stratum - room ambient

Long Liquid Feed Pulse - 20 sec nominal

Long Vapor Feed Pulse - 20 sac nominal

Long Alternating Liquid - Vapor Feed Pulse - 20 sac nominal

Total length switch SV-I _ SV-2 from liquid to vapor each 5 sac

Short Liquid Feed Pulses - 5 see duration nominal

Short Vapor Feed Pulses - 5 see duration nominal

Second Storage Tank - Temperature Stratum -

Repeat same test sequence as above

Third Storage Tank Temperature Stratum

Bepeat same sequence as above

2. 75_ full tank

Same procedure as No. 1 above

3. 50._ full tank

Same procedure as No. I above

4. 25_ full tank

_ame procedure as No. 1 above

The test procedure was designed to take advantage of the natural

thermal decay characteristic of the system to establish th_ second and

third temperature strata; recall that the storage tank temperature

declines during pulsing due to the extraction of liquid ammonia sensible

heat. After the first series of tests were completed for each fill level_

the storage tank would be at the second toperature stratum_ whereupon

the second series of tests would begin. From a practical standpoint_

3O
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Figure 16. Top View of System.
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the fiI1 level would be unchanged (changed only by the total mass lost

during the pulsing which is small in relation to the total amount of

liquid in the storage tank). After the second series of tests were

finished the same tests would Immediately be _onducted again at the

third temperature stratum. After the third temperature stratum data

were obtatned_ the test was finlshed for that particular fill level.

The storage tank was then Intentionally exhausted of sufficient propellant

to diminish the contents to the next desired fill level t and then allowed

to heat up to room embient in preparation for the start of the next fill

level test.

DISCUSSIOI_ OF TEST RESULTS
Jl IIHJ .HI e

System Che.ck and Caitbration Check

Prior to the start of the System Perforsmnce Tests_ a preliminary

system check and calibration test was run. It was discovered that the

an_nonia gas regulator s a Matheson Co. No. 26252-30 industrial type_

lacked the capacity to handle the 6.3 x 10 -3 lb/sec mass flow rate and

still keep the output pressure reEulated. In an attempt to solve this

problem, two of the Matheson regulatore were Joined in parallel. Unfor-

tunately this arrangenmnt, too, could not handle the required mass flow

rate and still give a smoothly regulated 22 psia output: Under the

tight schedule circumstances, the two regulators were adjusted to give

the best performance in order to continue with the progrmn testing.

The most notable effects the regulator problem had on the system per-

formance are the following:

: a. Nozzle pressure P4 was not maintained at a constant 22 palm.

b. At low regulator inlet pzessures (when the storage tank

temperature is approximately 50,F) the re_ulator served only

as a line restriction and allowed P4 to drop below destsn

• pressure.

With thls exception, the prelimlnary system cheek was quite successful.

The system operated within destln expectatlons_ product_ superheated

ammonia gas at the outlet o_ the heat exchanser. Operation of the

throttle valve was smooth. Minor pluabtns leaks were plu_ed throt_h

the use of an epoxy cement in the Intel_st of completln8 the testinK

rapidly. The eeuent was easily l_mOved for dlssemmbly and component

, 33
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inspection. In a ±light version only welded joints and/or elastomer

O-ring seals would be employed, and this problem would not exist.

Following the initial system checks, the flow rate of the thruster

nozzles were calibrated against upstream pressure. The technique of

calibration was to allow flow for a timed period at constant pressure,

with the weight of the storage tank recorded before and after the test.

A calibration curve relating nozzle chamber pressure and flow rate is

given in Section V-P.

System Performance Tests

In the discussion of the performance test data, two main methods of

da_ presentation are made. The first method is the presentation of

reproductions of actual data traces from the Sanborn strip chart

recorder. The second method is the presentation of a Mollier chart

upon which is constructed an actual thermodynamic cycle which the pro-

pellant undergoes. This is done for both a liquid and a vapor pulse.

The first data were obtained with the propellant tank full_ i.e.,

tank loaded with 60 pounds of liquid ammonia 3 but leaving an ullage

volume in the tank ," 5% of the total volumetric capacity of the tank.

The data are presented in Figures 17-A through 17-F. The location of

test data points can be determined by reference to Figure 10.

Figure 17-A shows the manne_ _ in which the system parameters varied

during the room ambient temperature stratum (69-71°F) test for both a

liquid and vapor feed pulse. The two types of pulses are shown on the

same figure for comparative purposes, to point out the fundamental

differences between the way the system parameters vary in reaction to

whether liquid or vapor is drawn from the storage tank. First_ the

variations in the thruster nozzle pressure for both type pulses are

noted• These are due to the gas regulator flow rate limitations noted

previously. The thruster force variation is due primarily to the

fluctuations in P4. However_ some of the decline noted during the

pulses is due to the rising vacuum chamber back pressure reducing the

effective thrust.

:, The characteristic of operation of the liquid feed pulse will be

i_ discussed first_ followed by the vapor feed pulse discussion and some
"_.

_ comparatlve comments.
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In the liquid feed pulse data_ the throttle valve performed as

desired, maintaining an adequate pressure drop during periods of

propellant flow, as indicated in Figures 17-A _nd 17-B_ by the _ifference

(P1 - P2 )" The temperature at the output of the throttle valve T2 after

an initial two or three second delay due to the sensible heat of the

hardware_ dropped satisfactorily 10-20°F_ an entirely adequate tempera-

ture differential for effective heat transfer. The state of the ammonia

at the throttle valve outlet is wet vapor. The quality varying with the

isenthalpic pressure drop_ is approximately 5%.

An examination of the temperature T3 and pressure P3_ in Figures

17-A and 17-B_ reveals the gas at the heat exchanger outlet to be

highly supersaturated. For example_ even when the propellant tank

temperature is as low as 57°F_ as in Figure 17-B_ P3 drops quickly to

about 30 psia_ corresponding to a saturated vapor temperature of O°F_

(See Figure 17-E.) but T3 is about 56°F_ indicating 56 degrees of

superheat. In Figure 17-A_ the worst combination of P3 and T3 is

ieached after about 19 seconds of thr_lsting. At this point P3 is

44 psia corresponding to a saturated vapor temperature of about 17°F.

Even here the value of T3 is 64°¥_ correspondiug to 47 degrees of

superheat.

The process which the ammonia undergoes in the cycle from the storage

tank through the system can be traced on the Mollier chart for ammonia

given in Figure 17-E: first 3 the liquid a_onia is throttled from the

tank to the inlet of the heat exchanger in an isenthalpic process.

Second, the wet vapor undergoes two-phase boiling through a portion of

the heat exchanger tubing 3 then superheat for the remainder of the tubing_

exiting as superheated gas. Third I the superheated gas is isenthalpically

expanded through the gas re_llators. Finally_ the gas experiences a

nearly isentroFic expansion through the thruster nozzle. The typical

• sequence shown on the chart is for the data from the second temperature

stratum test.

• The vapor feed pulse _at_ show the expected dec_y patterns. In this

aode of operation the system merely acts as a vapor superheater. The

azunonia propellant undergoes several thermodynamic processes in the

rape- feed mode. Saturated aJmonia i8 expanded isenthalpieally through

_ t!._ throttling valve. One phase gas superheats in the heat exchanger.

: 41
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Superheated gas at the exit of the heat exchanger is lsenthalpically

expanded in the pressure regulator. The gas is expanded nearly

isentropically through the thruster nozzle. Figure 17-F shows a

typical case on a Mollier chart for the data from the second temperature

stratum test

Some important comparisons between the two modes of operation are

appropriate. The general observation made when comparing the liquid

feea pulse and the vapor feed prise data of Figure 17-A is that the rate

of decay of the pressures and temperatures is greatest when operatin6

in the vapor feed mode. The rate of decline is basically c2pendent on

the storage tank pressure and temperature. It is felt that the supply

pressure P1 drops most rapidly during the vapor feed mode for one or

more of the following reasons:

a. The throttling valve may not be able to supply the required

flow rate even when wide open. If this is the case, it could easily

be demonstrated by flowing gaseous ammonia at various_P's across the

throttling valve iv_o a flow measuring device. Correction of this

possible problem would also be simple - substitution of a high capacity

throttle valve. However, if this were the problem, the pressure at the

inlet to the t cottle valve should not drop to the observed low value.

Therefore 3 this factor alone cannot explain the observed behavior.

b. Since the gas generation rate depends on the liquid surface

area, this may be a limiting factor in the gas pulse mode, the vapori-

zation lagging the gas flow demand. If this were the only cause, the

problem should exist at the beginning or middle of the pulse instead

of only at the tail end, and the problem should be less severe when the

tank is half full, exposing a larger surface area. Since neither of

these phenom!na are observed, this factor also cannot be entirely

responsible.

c. The heat of vaporization required to supply the flow rate is

being taken from the liquid ammonia sensible heat near the tank liquid-

v_por interface, which may cause cooling of the liquid surface and a

commensurate reduction in its vapor pressure. Conductive and/or

convective heat transfer may not be rapid enough to elimine_e the

temperature va_iation in the liquid. In contrast# during the liquid

f, mode, the heat of vaporization needed to sustain the propellant
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mass flow rate is still drawn mainly (a very small amo_xnt vf radiant

heat is utilized) from the liquid ammonl_ sensible heat. But this is

through the heat exchangerj which covers the entire tank_ giving a

larger transient sensible heat sink source.

Figure 17-B is presented to relate the system performance at the

same fill revel (100_¢) but at the second storage tank temperature

stratum (56 - 57°F). The shapes of the curves are the same as before

at the higher temperature stratum_ but are naturally at pressure and

temperature values commensurate with the lower temperature stratum

The thruster performance has fallen due to the nozzle pressure P4

dropping below the design value of 22 psia. Since the pressure at the

outlet of the heat exchanger is in al! cases higher than this value, the

use of a hlgher capacity and better quality regulator should eliminate

th_s problem.

Figure 17-C is presented to show the behavior of the system when

operating with alternating ll_.,d vapor feed (simulating a zero-g)

propellant slosh condition). The vapor and liquid solenoid valves_

SV-1 and SV-2_ were switched at S-second intervals to change the

throttle valve input fluid from vapor to liquid. In figure _7-C, the

important thing to note is the relatively cmall perturbaticus caused

when the switch is made fr_ liquid to vapor and vice versa. This

shows that the throttling valve adjusts Its flow area rapidly and sat-

isfactorily to accommodate either type of propellant flow. The large

variations in the thruster output are again due to the fluctuations in

P4, due to the regulator.

- Figure 17-D is presented to show the behavior of the system when

executing several short (6 sec) duration pulses. The repeatability of

the pulses is good for the liquid feed pulses. The vapor feed pulses

are affected by the characteristic rapid drop in supply p_essure PI"

The specific impulse developed by the thrusters was within the

predicted range. The data allow one to determine very qulckl:r the

, value of _he effective specific iapulse by the following stepb:

1. Note the value of Ft

2. Notp the value of P4 occurring simultaneously with Ft.

3. Convert the P4 pressure value to nossle weight flow rate via the

nozzle calibratLon curve_ Section V-P.
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4. Make the following calculation: Isp = Ft
7-
W

When this is done for the data presented herein, the effective impulse

varies between 77 and 85 seconds. If the tests were being run in a

space vacuum where the ambient pressure would be zero pressure, the

values would be approximately 10-15%higher (this is based on the data

o1 Section V-M).

All the previous discussion has been centered on the 100% fill level

tests for the room ambient and second temperature strata. Data for the

75_, 5C_._, and 25% fii1 levels are given in Figures 18_ 19_ and 20.

The variation of these data from the 100_ fill level data is not

significant.

G. TECHNICAL SUMMARY AND RECOMMENDATIONS

T_I CAL S_

• A prototype passive vaporizing liquid ammonia feed system with

i attitude control thrusters has been designed_ fabricated and performance

tested. The feed system utilized a tubular heat exchanger-vaporizer

• coupled with a two phase throttling valve concept to perform the

J_ vaporization to liquid ammonia. The concept was tested for continuous,
v

_. pulsed, and alternating liquid and vapor flow over a range of propellant

_• storage temperatures. In the liquid feed mode 3 the operation was

entirely satisfactory, except for the pressure regulator_ which kept

the thruster chamber pressure above rather than at the desired pressure.

'ii _ In the vapor feed mode 3 the propellants supply pressure dropped more than

i :-_' expected_ but still supplied the required pressure for success if a

better pressure regulator was used downstream of the heat exchanger.

Despite the above problems_ the program demonstrated the fea_ibility

and workability of utilizing spacecraft waste .thermal heat resources to

supply the substantial latent heat of vaporization of the liquid ammonia,

The largest source of heat for the feed system 3peration was the sensible

heat of the liquid ammonia stored in the propellant tank. During the

operation of the system the temperature of the propellant storage tank
i

diminished as sensible heat was extracted. The system can be operated

in a continuous mode or a pulse mode until the decline in the tank
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temperature and vapor pressure drops below an acceptable value for

proper operation of the attitude control thrusters.

The gas generation demand on the feed system was a nominal 6.3 x

10-3 lb/sec. The system utilized two 0.315 lbf thrusters_ which

-_mulated single axis attitude control. The system performance test

demonstrated that this system possessed the capability to generate the

vapor to supply two thrusters simultaneously at a nominal thrust level

of 0.315 lbf for the required 18.2 seconds duration_ but that adequate

downstream pressure regulation is required to meet the demand.

Vendors have been identified who can supply the aluminum propellant

tank and a properly designed pressure regulator for control of the
#

thruster chamber pressure.

KECO_|_DATIONS

This study indicates a simple_ logical solution to the problem of

ammonia vaporization for cold and warm gas space propulsion, and it is

recommended that it be continued.

The next phase of the study should be the construction of an

aluminum tank and heat exchanger_ equipped with appropriately calibrated

throttle valve_ a high quality pressure regulatorj and suitable other

valve_ thrusters, and instrumentation 3 to systematically map the

performance of the feed system as a prerequisite to flight design. At

the same time flight qualified components should be teste_ for durability

and reliabi!ity, and be on hand for use in the flnal flight design.

H. NEW TECHNOI/_"Y

Although the throttle valve is certainly not a new item of manufacture_

its application here has a certain amount of novelty. The advantage lies

in the fact that an appropriately designed throttle valve bypasses the

problem of whether liquid or vapor is withdrawn from the propellant tank

at zero gravity_ since it will accept either and maintain within

reasonable limits the desired pressure drop.
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I. SUB-SCALE FEED SYSTEM TESTS

i. REASON FOR SUB-SCALETESTS

Early in the program, prior to the formulation of the passive

vaporization feed system configuration_ some experiments were conducted

on small dlameter spherical ammonia storage tanks. The experiments

sought to determine quantitatively the amount of ammonia that could be

passively vaporized, as a function of tank volumetric capacity and

surface area. The conclusions drawn from these tests were the following:

A. Design a heat exchanger to utilize waste heat.

B. Use a simple single pass tube type heat exchanger attached to

the wall of the storage tank.

C. Zero-g problems of entrained liquid droplets should be solved

by the heat exchanger heli£al flow path.

D. Write a computer program to size the heat exchanger.

2. HARDWAR_ BUILT

The above conclusions followed except that the decision was made

to build a sub-scale version of the feed system and examine its per-

formance prior to building the flight size with the 18-inch diameter

storage tank. The hardware built was fairly crude and consisted of a

cylindrical stainless steel tank with 75 feet of 0.060 I.D. tubing

soldered onto its exterior surface. See Figure 21 for a photo of the

hardware.

3. TEST RESULTS

The final test results confirmed the heat exchanger concept. The

results of temperature instrumentation attached to the wall of the heat

exchanger tubing revealed that the length of tubing used to achieve the

vaporization and provide superheated gas was approximatel_ 60_ less

than the amount the computer program predicted. The tests confirmed

the throttle valve concept, and provided the type of information

needed to make a prediction of the heat exchanger size needed for the

full-scale 18-inch laboratory prototype feed system.
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J. COMPUTER OUTPUT SHEET FOR

AMMONIA HEAT EXCHANGER DESIGN

AMMONIA VAPORIZER

INPUT CONDITIONS

Wall Temperature = 35.0 Degrees F.

Ammonia Inlet Temperature = 27.0 Degrees F.

Ammonia Exit Temperature = 7.8 Degrees F.

Ammonia Inlet Pressure = 55.2 PSIA

Ammonia Exit Pressure = 29.2 PSIA

Pressure Difference at the Inlet = 11.6 PSI

Pressure Difference Along the Tube = 26.0 PSI

Ammonia Flow Rate = 0.0063 LB/SEC

Ammonia Mass Velocity = 21.1LB/(SEC-FT2)

OPTIMIZATION VALUES

Length of the Vaporizer = 1513.6 Inches

Diameter, Inside of the Tube = 0.234 Inches

Total Length = 3597.7 Inches

Heat Flux = 1590 BTU/(HR-FT2)

Convergence = 0.086_ Number of Iterations = 64
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K. STORAGE "r_K/HEAT EXCHANGERBRAZING SPECIFICATION

i. Furnace braze 125 feet of 0.250 O.C. _ 0.010 wall type 304 stainless

steel tubing in a helical pattern onto the exterior surface of an

18 200 inch O.D. type 304 stainless steel sphere.

2. Commence with a 6-inch diameter coil of tubing (leaving a 12-itch

loose end) concentric with one of the sphere fill tubes and

progressively wrap the tubing with a coil of approximately 6-inch

diameter, and leaving a 12-inch loose end. The spacing between

tubes shall be approximately 3/8 inch.

3. Maximum intimate contact between tube and sphere plus minimum

• braze alloy weight is the primary concern. Structural strength

of the braze joint is secondary.

4. All braze Joints shall be reasonably smooth and uniform in

appearance_ forming smooth even fillets.

5. The maximum length of any single fillet defect shall not exceed

1/4 inch. Total amount of void shall not exceed 5 per cent.

6. The maximum errosion o_ the tube wall shall not exceed 2 mils.
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L. STORAGE TANK/HEAT EXCHANGER BRAZING TECHNIQUE

The fabrication and brazing technique to be used by the Vac-Hyd

Processing Company, Detroit, Michigan is outlined in the following steps:

A. The steel sphere is placed in a cradle resting fixture (with

equatorial weld joint Jn a vertical plane) for the wrapping of the

heat exchanger tubing. The cradle fixture allows the storage

sphere to be supported without excessive point contact _orces

belng exerted on the sphere or tubes.

B. The tubing is then hand wrapped onto the surface of the sphere. The

tubing is securely held in contact with the sphere surface while

wrapping by spot welding small stainless steel fell saddles (type

321, 0.005 thick) at appropriate intervals, over the tubing and to

the sphere.

C. The tubing is wrapped in a helical pattern, concentric with the

sphere fill and drain tubes.

D. When the tubing is completely wrapped, the sphere is placed in the

brazing furnace and heated to approximately 1950°F whereupon the

tubing is stress relieved (annealed). The sphere is removed from

the furnace and following cooling, the tubing is tightened securely

to _he sphere wherever any relaxation has occurred. Additional

foil saddles and/or repositionlng of foil saddles may be required

at this time. The foil saddles remain attached to the sphere

throughout all subsequent processing.

E. The braze alloy selected is a nickel base per AMS 4777, and is

applied at the sphere-tube fillet while in a slurry consistency.

Fo The final operation is placing the storage sphere into the brazing

furnace and executing the braze cycle.
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l

M. THRUSTER NOZZLE PERFORMANCE AS A FUNCTION OF VARIABLE

VACUUM CHAMBER AMBIENT PRESSURE

I. Ambient Pressure - Zero millimeters of mercury (Limit: i0 microns).

Note predicted thruster performance, Figure 22 , where thrust is

underlined and ambient pressure is circled. Nozzle degradation - 0_.

2. Ambient Pressure - i0 millimeters of mercury (i0,000 microns).

Note predicted thruster performance, Figure 23 , where thrust is

underlined and ambient pressure is circled. Nozzle degradation -

9.85%

3. Ambient PressuFe - 20 millimeters of mercury (20,000 microns).

Note predicted thruster performance, Figure 24 , where thrust is

underlined and ambient pressure is circuled. Nozzle degradation -

19.7%
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NOZ7LE OFF OESIG_ CALCULATIONS

JPL THRUST_R

_OZZLE NUMBER 1 PROPELLANT AMMO
DESIGN SPECIFICATIONS

NOZZLE DATA

THROAT RAD;US 5,2QOOE=02 I_ ACTUAL EXIT RADIUS
IDEAL LENGTH 5,25DOE-01 IN MAXIMUM DIVERGENT ANG
CONVERGENT RADIUS 7,4OBOE.02 IN OIVERGENT RADIUS
WALL TEMPERATURE 5,1000E 02 DES R THROAT AREA

THERMODYNAMIC DATA

STAGNATION PRESSUnE I,_O00E O0 AT4 AMBIENT P_ESS[JR_
STAGNATION TEMPERATURE 5,2000E 02 DES q AMBIENT TEMPERATURE
FLOW PER U_IT THROAT AREA 3,8509E.01 LBISEC-IN2 THROAT TEMPEF_TURE
IDEAL SPECIFIC IMPULSE 1,04%3E 02 5E_ tHERMODYNAMIC EFFICIE
SPECIFIC GAS CONSTANT %,1652E=01 g/LB-DEG R ENERGY ADDITION PER
FLOW PER POWER 1,9_19E_01 _BISEC-KW OPTIMUM THRUST
WEIGHT FLOW RATE 3,3943E=03 LBISEC POWER

DISTANCE EFFECTIVE PRESS JOE B3UNDARY ADJUSTED OVERALL HEAT
FROM AReA RATIO LAYER RADIUS EFFICIENCY TRANSF:
THqOAT RAT !0 THICK,lESS O

IN IN IN B/SEC
5,0000Em03 IL,O22_E DO _,211igE O0 1,6606Em04 5,3557F.n02 2,17_3E 01 4,6194E
I,O000Em02 1,0772E DO 2,Q953E O0 2,6292=-=04 5.5504E_02 I,BISoE 01 7,3362E
1,5000E,02 1,2121E OO 3,8949E O0 3,5057E=04 5°8383Em02 1.5715E Ol 9,2963E
2,0000E=02 1,3312E DO 417589E O0 412982E=04 6,1195E_02 1,6377E 01 1,0901E
2,5000E=02 1,4hiVE O0 5!6459E O0 5,0277E=r14 6,3935E_02 1,7102E 01 1,2279E
3,0000E=02 1,5745E OO 6,5723E O0 517_.10E=04 6,660BEq02 1,7805E 01 1,3499E
3,5000E=02 1,6991E 00 7v5442E O0 6,3600E=04 6,9219E_02 1,8476E 01 1,4605E
4,0000E=o?. I,B264E O0 8_5631E O0 619830E=04 7,%773E_02 1,91t4E 01 1,5623E
4,5000E=02 1,9_E 0[3 9,6316E O0 7,SB59E=04 7.4273E_02 1,9720E O1 1,6572E'
5,0000E=02 2,.q84yE OL) 1,.n74_E 01 811732E=t_4 7,6723F-=02 2,0294E 0:1. 1,7464E
5,5000E_02 2,216bE O0 1,1913E 05 817482E_114 7,9125E=02 2,0840_ Ol 1,8309E
6,0000E=02 2,349bE t}Q :l,3Z?.bE 0% g,3:L36E=04 8,1483Em02 2,i359E 0% 1,9114E
8,5000E=02 2,463VE OU 1,43_37E O:L 9,BlE2E_D4 8.3799E¢02 2,1854E 01 1,9684E
7,0000F.,O@ 2,61_0E OU %,5_E 0% 1,0423E=O3 B,6075E=02 _,2375E 01 2,0625E
7,5000E=OP_ 2,756_ Ob L,7046E D_. 1_0970Fa03 8.B312E_02 ?,2774E 01 2,2236E
8,5000E=02 3,033_E O0 1,9893 =- 0_. 1_205_E=03 9,P._82E=t12 2,3510E 01 _,3562E
9,5000E,02 3,3Z5.I_ OU ?,29£6E 0_. 1,3%?5-_=03 9o6921E_n2 2,4288E 0% 2,641LE
1,15.00F=01 3,8_3g/E Ug 2_947dE 01 1._5268_=q3 1,0505E-01. 2.5489E 0% 3,1553E
_,55qOE=O*.. 5,0/62E DO 4,4550 =- f]_ 1_9627Eu03 _,2015E;,oL P.,7449E 01 3,5311E
1,9500E=0_ 6o302/F Og b;20'26E 01 2,4106E={t3 1,3403E=0% 2,9238E OL 3,8673E
2,3500E=01 7,bb.)_E O0 _,1717E 01 2,8720E_{13 1,4696E=0% 3,0653E 0:% 4,1732E
2,7500F=OZ 8°R4._gE Og 1,CI347E 02 3,3472E_(_3 1,591LE-01 3,1802E 0% 4,4549E
3,1500E=01 1,0149E 01 1,?714E 02 3_360E=03 t,7061F=O:L 3,275bE 01 4,7165E
3,5500E_-01 1,1471E 01 1,b264E 02 4_]377E_03 1,_J_56E=ot 3,35621E: Ot 4,9613E
3,9500E_01 t,281gE U% 1,79ASE 02 40_519E_03 1,_204E=05 3,4253E 01 5,1915E
4,3500E=0_ 1,4L62E gl 2,0BILE O_ 5o37BOE=O] 2,0212E=0_ 3,4853E O_ 5,4092E
4,75_0E=0% 1,5b2bE 0% 2,3914E 02 ._,9154E_03 ?.,_%82E_01 3.5379E 0$ 5,6157E
5,1500E-0_ 1,690%E 01 2,7137E 02 6_4637E=03 2,21_0E_0_ 3,584_E 01 5,8124E
5,2500E=01 %,724bE 01 2,792BE 0:) 6,6014E=03 _.,2350E=01 3,6037E 05 5,861%E

Figure _-. _h_uste_ ]Pe_£o_mance.
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PROPELLANT AMMONIA NON DISSOCIATED
iCATION_
-.TA
TUAL EXIT RADIUS 2,2350E_01 IN
IIMUM DIVERGENT ANGLE 3,0000E 0% DEG
IERGENT RADIUS _,1160E=02 IN
ROAT AREA 8,7915E=03 IN2

DATA ......

_IENT P,,qESSHRE _ _), MM H_
_IE'NT TEMPERATURE 5,tgOOE' Oz D'EG R
ROAT TEMPERATURE 4,4692E 02 DEG R
ERMODYNAMIC EFFICIENCY 4,5479E _1
ERGY ADDITION PER P3UNtJ 4,9331E OO B/LB
TIMUM T_RUST 3,5345E=01 LB
_ER t,7661E_02 KW

OVERALL HEAT EFFECTI VF. ACTUAL MACH
FFICIENCY TRANSFE_ S:PECIFIC THRUST NUMBER

I_PJLSE
BISEC SEC LB

,1723E 4,6194E-05 7,1968E fll 2,4428E,=,0I 1,1516E 00
,8750E D_ 7,3362E'05 6,6862E 01 2,2695E=01 1,3746E O0
• 5715E 01 912963E'05 6,1211E 01 210777E=01 1,5543E O0
,6377E 01 1,0901E'04 612488E 01 2,1210E'01 1=6855E O0
,7102E Ol 1,2279E'04 6,3856E 01 211674E'01 1,7945E O0
,7805E OL 1,3499E'04 6,5t55E 01 2,2115Em0_. 1,8898E O0
,8476E 01 1.4605E',04 6,6372E 01 _,2528E=01 1,9754E O0
,9114E 01 I_5623Ew04 6,7508E 01 2,29146=0I 2,0534E O0
,9720E 01 1,6572E-04 6,8569E t_. 2,3274E=01 2,125_E O0
,02946 01 1,7464E'04 6,9561E 01 2,3611E=01 2,$925E O0
,0840E 01 1,8309E'04 7,0490E 01 2,3926E=01 2,2553E O0
.1359E 0% 1,9114E-04 7,1363E 0% 2,4223E=01 2,3144E O0
.1854E 01 $,9884E'04 7,2184E 0% 2,450_.Ea01 2,3703E O0

• ,?.325E 01 2,0625E-04 7,2957E Ill 2,4764E-0_. 2,4235E O0
.2774E Oi 2.2236E'04 7,3688E 01 2,5012Ea05 2,4741E O0
,3510E 01 ?,3562E'04 7,4870E 11% 2_=J4$3E=01 2,5687E O0
.4288E 01 _,6411E-,04 7,609BE fll 2,5830Eq01 2,6559E O0
.5489E Ol 3,1553E-04 7,7956E 01 2,6461E=01 2,8125E O0
,7449E 01 3,5311E-04 B,O89BE 01 2,7459E_01 3,0744E O0
.923BE 01 3,8673E'04 8,3493E 01 2,8340E'01 3,2899E O0

• .0653E 01 4t1732E'04 B,5490E 01 ;_,9018E'01 3,4742E O0
.'.1802E 01 4,4549E-04 8,7078E 01 2_9557E-01 3,6356E O0

,275bE 03 _ "1165E-04 8,8374E r}l 2,9997E=01 3,7797E O0
-,3562F 01 4,9613E-04 819455E 01 3,0363Ew01 3,9101E O0
;.4253E 01 5,1915E-04 9,0371E ql 3,0674E=01 4,0293E O0
',4853E 01 5,4092E-04 9,1159E Ot 3,0942E=01 4,1393E O0
'.5379E 01 5,6157E-04 9,tB44E 01 3,1174E_01 4,2416E O0
;,5845E 01 5,8124E-04 _,2447E l_1 3,t379E=01 4_3371E O0
'.6037E 01 5,8611E'04 9,2694E 01 3,1463E=01 4,3601E O0

I IIII

ster Performance.
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NOZZLE OFF DES;]',__ALCULATI')'_S

JPL T_RUST_R

NOZZLE N,JM_ER 1 PROPELLANT AM
DESIGN SPECIFICATION_

N3ZZLE fJATA

THROAT RADIUS 5,2900E=02 IN ACTUAL EXIT RADIUS
IDEAL LENGTH 5,2500E=01 IN MAXIMUM DIVERGENT A
CONVERGENT RADIUS 7,4050E-02 IN DIVERGENT RADIUS
WALL TEMPERATURE 5,%OOOE 02 DES R THRnAT ARFA

THERMODYNAMIC DATA

STAGNATION PRESSURE 1,5000E O0 ATM &MBIENT .PRESSURE
STAG_ATIUN TEMPERATURE 5,2000E 02 DES R AMHIENT TEMPERATURE
FLOW =ER UqIT THROAT AREA 3,SbO9E-OI cB/SEC-IN2 THROAT TEMPERATURE
IDEAL SPECIFIC IMPULSE %,04%3E 02 SEC THERMODYNAMIC EFFIC
SPECIFIC GAS CONSTANT I,%552E.0C B/LB-DEG R ENERGY ADDITION PEF
FLOW =ER POWER 1,9219E.01 LB/SEC-K4 OPTIMUM THRUST
WEIGHT FLOW _ATE 3,3943E-03 LB/SEC POWER

DISTAqCE EFFECTIVE PRESSJRE BOUNDARY ADJUSTED OVERALL HEI
FROM AREA RATIO LAYER RADIUS EFFICIENCY TRAN_
THROAT RATIO THICKNESS Q

IN IN IN BISE
5,0000E=03 1,022BE OO 2,2189E O0 1,6606E_04 5.3557E=02 2.1415E Ot 4,519'
1,0000Eeo_ 1,0972E OO 2,9953E DO 2_5_92E_04 5.5504F=02 1,8442E OL 7,336_
$,5000E_02 1,212(E O0 3,8949E OO 3,5057EG04 5,8383Ew02 1.5403E 01 9,296-
2,OoooEP02 1,3312E og 4t7589E O0 412982E=04 6,1195F_02 1,6028E 01 1=090_
2,5000E_02 1,4519E OO 5,6459E O0 5,0277E=04 6,3935E_02 1,6712E 01 1,227
3,0000E=02 1,574_E OO 6_5723E O0 5t7110E_04 6,6608E_02 1,7374E bl 1,349
_,3000E_02 1,6991E OO 7t5442E O0 6,3600E=04 6,9219Ew02 _,8002E 01 1,460.
4,000_E_02 1,8264E Og 6,5637E O0 6,9830E_04 7,1773E_02 %,8596E 0% 1,562;
4,5000E_02 1,9648E OO 9,6316E O0 7,5859E=04 7.4273_02 1,9156E O1 1,657:
5,0000E_02 2,0849E O0 1,0748E 01 811732E=04 7,6723E_02 1,9684E 01 1,746
5,5000Ei02 2,216bE OO 3.,1913E 01 8,7482E_04 7,9125Ea02 2,0183E Ol 1,830'
8,O000Ew02 2,349_E OO lt3126E O1 9t3138E=04 B,%483E_02 2,0854E O1 1,911'
6,5000E=02 2,4839E O0 1,4387E 01 9,87_2E_04 8,3799E_02 2,1099E Ol 1,988
7,0000E=02 2,6190E DO 1,5695E 01 I_0423E_03 8,6075Em02 9,152%E 01 2,082
1,5000E.02 2,756_E O0 1,7048E O1 1_0970E_03 8,83t2E&02 2,1920E Ol _,_23
8,5008E=02 3,033_E OQ 1,9893E 01 1,2051E=03 9,2682E_02 2,2555E O1 _,358
9,5000E_02 3,3153E OO 2,2gsbE Ol 1,]125E=03 9,6921E=02 2,3227E 05 2,641,
I,IsooE_oc 3,8891E OO 2,g41BE O_ 1,5288E_05 _o0505_01 2,42_4E 01 3,$55"
1,5500E_0_ 5,0162E O0 4,4550E 01 t,Q627E_03 1,2015E_01 2,5724E 01 3,_31
1,9500Ewoz 6,3027E OO 6,202bE O_ 2:4106E_03 1,3403E_0% _,7030E 01 3,867'
_,3500E=oL 7,560bE OQ 8_1717E O_ 2,87_0E=03 L,4696E_01 2,7945E Ol 4,_73
2,7500E=oL 8,843_E DO 1,0347E 02 3,3472E_03 1,5911E_05 2,8580E O1 4,454

SHOCK HAS OCCURED

3,L5ooE=oL 1,0149E U1 _.,27:L4E 02 3_83&oE=03 1,7061E=01 2,9010E 01 4,716
3,5500E_01 1,1471E 03. $,5264E 02 4_3377E_03 L,BISGE_01 _,9_83E 01 4,961
3,9500EwC11 1,281uE OL 1,79_t5E 02 4,BS_gE_t13 1,9204E_01 2,Q434E 05 5,191
4,3500E_01 1,4162E b" 2,087LE 02 5,37BoEr03 2,0_12E=01 2.g489E OL 5,40t
4,7500E=oL 1,Sb2bE Ol 2,3914E 02 5,9554E_03 2,1182E=01 2,9465E 01 5,61_
5,1500E=01 Z,6go%E 01 2,7107E 07. 6,4637E=03 2,2120E=01 2,9378E 01 5,81;.

_Oij 5,21_I_OOE.Ot 1,7246E 01 ?,7928E 02 6,60E4E=03 2,2350E_0% 2.9423E 01 5,8(}1
_1_u_$ 23. Tb_uste_ _e_£oz_ma_c
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ZZLE NdHgER i PROPELLANT AM4041A NO4 DISSOCIATED
qESIGN SPECIFICATION_

N_ZZLE DATA
ACTUAL EXIT RADIUS ?,2350E_01 IN
MAXIMUM DIVERGENT ANGLE 3oO000E 01 DEG

DIVER_E_IT RADIUS 2,t$60E_02 IN
S R THROAT AR6A 8,7915E_03 IN2

THERMODYNAMIC DATA

_M _BIENT PRESSURE _ _,O000E 01 MM. HG_
E_ q AMBIENT TEMPERATURE 5,1OOOE 02 DEG R
_ISEC-I_2 THROAT TEMPERATURE 4,4892E 02 DEG R
EC THERMODYNAMIC EFFICIE4CY 4,5479E 0%
!LB-DEG R ENERGY ADDITION PER POUND 4,933%E O0 B/LB
"/SEC-K_ OPTIMUM THRUST 3,5345E_0% L8
/SEC POWER 1,7661E_02 KW

i

I

.4DARY ADJUSTED OVERALL HEAT EFFECTIVE ACTUAL MACH

..AYER RADIUS EFFICIENCY TRANSFER S_ECIFIC THRUST NUMBER
_K_ESS G I_PULSE
_IN IN BISE¢ SEC LB
'06E_04 5.3557E-02 2.1415E 01 4,6194E-05 7,1455E 05 2,4254E=0t 1,$516E O0
_92E_04 5.5504F*02 1.8442E 01 7,3362E-05 6,63_1E 01 2,2508E=01 t,3746E O0
]57E=04 5,8383EB02 1.5403E 0% 9,2963E_05 5,0602E 01 2,0570E_01 1=5543E O0
_82E=04 6_1195E&02 1,602BE O_ 1,0901E_04 6,181BE 05 2,0983E=01 I=6855E O0
:77E=04 6,3935E_02 1,6712E O1 t,2279E'04 6,3124E 05 2t1426E_01 1,7945E O0
-.10E_04 6.560BE_q2 1.7374E 01 1,3499E'04 6,4361E 01 2,$846E=01 1,8898E O0
_ooE=04 6,9219E_02 _,8002E 01 1,4605E'04 6,55t4E 01 2_2237E_01 1,9754E O0
_30E_04 7,1773E_02 %.8596E 0% 1,_623E_04 6,6586E 0t 2,260%E_01 2,0534E O0
;59E=04 7.4273E_02 1,9156E Ol lt_572E_04 6,7582E 01 2t2939E_o$ 2,_255E O0
732E=04 7,$723E_02 1.9884E Ol 1,7464E_04 6,8508E O1 2_3253E=01 2=_925E O0
:B2E=04 7,91_5E_02 2,0183E 01 1,8309E-04 8=9370E 01 2=3548E=0i 2,2553E O0
L36E=04 B._483E.02 2,0_54E 01 1,9114E*04 7,0175E 01 2,381gE=01 2,3144E O0
"_2E_04 B,3799E_09 2,1099E 01 1,_884E-04 7,09z7E 01 2_4075E_01 2,3703E O0
_93E_03 8.6075E=02 2,1521E 01 2=0_25E-04 7,_32E 05 2=4314E=0_ _,423BE O0
_70E=03 8,8312E_02 2,1920E O1 2,2236E'04 7,2293E 05 2,4538Ei05 2,474_E O0
]51E=03 9,2682E&02 2,2555E 01 2,3562E-04 7,333_E 05 2,4891E=o$ 2,5687E O0
_25E=03 9,6921E=02 2_3227E 01 2,_411E_04 7,4417E 01 2_5259E-01 2,8559E O0
]68E_03 1,0505E=01 2,42_4E 01 3,$553E_04 7,_982E 0% 2=5790E=01 2,8%25E O0
_27E=03 _,20_5E=01 2,5724E 01 3,_311E_04 7,8315E O_ 2_5582E=0_ 3,0744E O0
tObE_03 1,3403E=01 _.7030E 01 3,8673E_04 B,O279E 01 2m7249E=o$ 3,2099E O0
7_0E=03 $,4696E_01 2,7945E 0% 4,$732E_04 8,_6_6E 01 2_7706E-01 3,4742E O0
_72E_03 1,5911E=01 2,85BOE 01 4,4549E-04 8,2549E 05 2m8059E=01 3,6356E O0

3_0E_03 1,7061E_01 2,90_0E 0:% 4,7165E'04 8,3:_67E O_ 2,8229E=01 3,7797E O0
377E_03 t,B156E_O:% 2.9283E 01 4,9653E'04 8,35_7E 01 2_836EE_01 3_9105E O0
5t91_=03 1,9204E_01 2,9434E 01 5,$915E-04 8,3773E 05 2=8435E_0:% 4,0_93E O0
780E_03 E,O212E=01 2.9489E O_ 5,4092E-04 8,3850E 0$ 2_8461E=1:15 4,$393E O0
154E_03 _,1182E=0:% _,9465E 01 5,6157E-04 B,$8_?E 01 ?.mB450E_O$ 4,2416E O0
637E=03 2,2120E=01 ?,9378E tll 5=8:_4E_04 8,369_E 0$ 2m8408E_01 4,3371E O0
0_4E=03 2,2350E_0:% 2,9423E 01 5,85:tzE_04 8,3757E 01 E,B429E_O__,..... , _ _ 4,380%E O0

II IIII
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N.OZTL_ "IF" -'i=_I'; '..;AL._.jI '..1J',,,..,

JPL TNR'JST_r_

:I07/..E N-;M-_ER I PROPELLANT AMM

,'_CE£ IGN SPECIFICATIONS
N'IZTLF DATA

' THRqAT RADIUS b,29';OE=OP I_ ACTUAL EXIT RADIUS
I

= IDEAL LE,_3TH 5,25GOE=01 IN MAX|HUH DIVFRGENT AN
CONVERGE,'_T RADIUS 7,436(_E=02 IN ;)IVERGENT RADIUS

WALL TEHPFRAI"J_E b,J.JCOE 92 DES R FHR_AT ARFA

THERMODYNAMIC DATA

STAGNt_TIO'_ PRESSUn_- i,SOdOE 0,9 AT,I AMBIENT PRESSURE

STAG_,ATIO'_ TE:_.PERATURE 5,23:)0E 02 DES R AHBIENT TEMPERATURE
FLOW PER d_IT THROAT AREA 3,8539E-01 c8/SEC-IY2 THR_AT TEMPERATURE

IDEAL SPECIFIC I'NP'JLSE 1,0453E 02 SES THERMODYNAMIC EFFICI
[ SPECIFIC GAS CO_.'.qTANT j.,$5_2E.Oi ._/LR-DEq R ENERGY ADDITION PER

FLO_ OER POWER 1,9219E=01 LB/SEC-Kw OPTIMUM THRUST
WEIGHT FLO:_ RATE 3=3943E,,03 LB/SEC POWER

I DISTANCE EFFECTIVE PRESSJRE BDU_DARY ADJUSTED OVERALL HEAT

FROM AREA RATIO LAYER RADIUS EFFICIENCY TRANSF

THROAT RATIO THICKNESS Q

IN IN IN BISEC

5,0000E_03 1,022_E Og 2_21_9E O0 1,6606Em04 5,3557Em02 2,I108E 01 4,6194E
1,0000E_02 1,0972E OQ 2,9955E O0 2_5292Em04 5,5504E=02 1_8137E 01 7,3362E
1,5000E_0_ 1,2%21E DO 3_8949E O0 3tSO57Em04 5,8383Ee02 1,5095E 01 9,2963E
2,0000E=02 1.331_E DO 4_7589E O0 4=2982EB04 6,1195Em02 1,5682E 01 1,0905E
2,5000Ee02 1,4619E O0 b_b459E O0 5_0277E_04 6,3935E_02 1.6327E 01 1,2279E
3,0000E_o_ 1,574_ UO 0,5775E O0 5,7110E_04 6,6608E_02 1,6948E Ol _,3499E

3,5000E=02 1,6991E Og 7,5442E O0 6,3600E_04 6,92_9E&02 %,7534E 01 1,4605E
4,000_E-02 1,8264E O0 8,5637E O0 6_9830E_04 7,1773E_2 t,8084E Ol 1,56_3E
4,SOOOE=O_ 1,9548E DO U.hClbE O0 7_5859E_04 7,4273E_02 1,8601E O1 1,6572E
5,0000E'02 2,0849E gg 1,0748E O_ 8,t132E_04 7.6723E_82 1,9084E 01 1,7464E
5.5000E=02 2,216_E Og 1,1913E O_ 8_7482E_04 7,9125E_02 1.9537E O1 1_8309E
6,0000E_02 2,349_E I]g _,CZ26E O% 9_3136E_04 8,1483Em02 1.996_E O1 t,9114 E
6,5000E=02 2,4839E Og 1.43_7E Ol 9_8712E=04 8.3799E-02 2.0359E Ol 1,9884E

7,0000E_02 2,6%90E Og 1,569_E 01 1,04?3E_03 8.6075E=_2 2,0732E _1 2,0625E
7,5000E_02 2,766_E OO 1_704BE 01 1,0970E=03 8,B312E_02 2.toB2E 01 2,_236"
8.5000E=02 3,033_E Og Z,9893E 0% 1_2051E=03 9,2682Em02 2,1620E 01 2_3562=
9.5000E.02 3,3155E OO 2,29t6E Ol 1,3175E_03 9,_921E_02 _._I90E 01 2,6411E
1,1500E=0% 3.8891E gO _.9478E O1 1,5268E_03 1,0505F_01 2,2972E Ol 3,$553E
%,5500E_01 5.076ZE go _,4550E O_ 1_9627E_03 1,20t5E_01 2,4055E O_ 3,5311_

SHOCK HAS 3CCURED

1,9500E_01 6,302/E Og 6,2076E Ol 2,NZD6E_3 1,3403E=0% 2.4909E Ol 3,8673r

2.3500E_% 7,SbqbE OO _,t7tlE Ol 2,8720=_n3 1,4696E_01 2.5362E Ol 4,1732_
2,7500E_01 8,B439E uO 1.._}347E q2 3,3472E_3 1,591.1F=01 _.5530E O1 4,4549L
3,1500E_o:L 1,O_NVE O_ 1,2714E 02 3_8360E_05 1°7061E;.05 _,549ZE fll 4_7_65E
3,5500E-01 1,1471E Ol 1,5254E O_ 4_3377E=03 1,8156E_01 2,5295E Ol 4,9613.
3,ObOOE=Ot 1,2810E el 1,79BSE 02 4_Bb19E=,93 t,9204E=01 2,4980F Ol 5,$915[

4.3500E_01 1.4I_E u1 2,qBT1 = O_ 5_37BOE_n3 _.0212E=_1 2,4572E Ol 5,4092_
4.7500E_Ot lt552bE Ill 2,39t4E 02 5,g154F_03 2,1182E_01 2.4(19LE Ol 5,6157C

5,1_ooE_o_ 1,69n_E bl _,/IolE 02 6,4637E_03 2,2_70E_% 2,3553F O_ 5,8124t
5_2500E_01 I,724oE 91 2_7928E 02 6,6014E=03 2,7350F=0% 2,3479E 01 5,861%:

72 _O_Ta_O_J__ Figure 24. Thruster Performanc
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_M_ER % PROPELLANT AMMONIA NO_ DISSOCIATED
OE_IGN SPECIFICATIONS

N')Z7L_ DATA
ACTUAL EXIT RADIUS 2,2350E=01 IN
MAXIMUM DIVFRGENT ANGLE 3_O000E 01 DEG
;)TVERGENT RADIUS 2,tI60E_02 IN
FHRDAT ARFA 8,7915E=03 IN2

THERMODYNAMIC DATA
AMBIENT PRESSURE -r_2,0OOQE O_ MMv

AMBIENT TEMPERATURE 5,_O00E 02 DEG R
_2 THROAT TEMPERATURE 4,4892E 02 DEG R

THERMODYNAMIC EFFICvENCY 4,5479E 01
R ENERGY ADDITION PER POUND 4,9335E O0 BILB

OPTIMUM THRUST 3,5345E_01 LB
POWER 1,7661Em02 KW

t
ADJUSTED OVERALL HEAT EFFECTIVE ACTUAL MACH
RADIUS EFFICIENCY TffANSFE4 S=E_IFI_ THRUST NUMBER

0 I_PULSE

IN B/SEC SEC _B., 5,3557Em02 201108E 01 4,6194E°05 7,0942E 0t 2,40 oE_01 1,t516E O0
: 5,5504E-02 1,8137E 01 ?,3362E-05 6,5760E 01 2,2321E=01 t=3746E O0
• 5,8383Ee02 1.5095E 01 9_2963E°05 5=9992E 01 2_0363E-01 1=5543E O0

6,1195Ew02 1°5682E 01 1,0901E-04 6,_148E 0% 2,0755E=01 1,6855E O0
.' 6,3935E_02 1,6327E Ol 1,2279E-04 6,2393E 01 2,1178E_0_ 1,7945E O0

6,6608E_02 1,694BE 01 $t3499E-04 6,3567E 01 2,$576E_01 1_889BE O0
6.9219E&02 1,7534E 01 t_4605E-04 6,4657E 01 2_$946E=01 1_9754E O0
7,1773Eqn2 t,8084E O1 1=5623E-04 6,5665E nt 2,2288E=05 2tO534E O0
7,4273E=02 1.8601E O1 1,6572E°04 6,6595E O1 2,2604E=01 215255E O0

, 7.6723E_2 1.9084E 05 1,7464E=04 6,7455E 01 2,2896E=01 2,$925E O0
7,9125FM02 1.9537E Ol 1,8309E_04 6tB250E 01 2,3166Ea01 2_2553E O0
8.1483E_02 1.996_E 01 1,9114E'04 6,8987E 01 2,34_6E=01 2,3%44E O0
8,3799E=02 2.0_59E 01 1,9884E-04 6,9671E 01 2,3648E_01 2,3703E O0
8.6075E-_2 2,0732E 01 2,0625E'04 7,0306E 0% 2,3864Em0% 2,4235E O0
B,_312E=02 _.I_82E 01 2,_23bE'04 7,0898E 01 2_4065E_01 2_4745E O0
9,2682E_02 2,1620E 01 2,3562E-04 7,$796E Ot 2_4370Em01 2_5687E O0
9,_921E_02 _._190E 01 2,6411E'04 7,2736E 01 2,46BgE=01 2,6559E O0

5 1.0505F=01 ?.2972E 01 3,$553E'04 7,4008E 01 2,5120Em05 2,8125E O0
1,2015E_01 _.4055E 01 3,5311E'04 7,5732E 05 2,5706E=01 3,0744E O0

1,3403E_01 ?.,4909E 01 3,8673E-04 7,7065E nl 2,6158E=01 3,2899E O0
1,4696E_01 2.5362E 01 4,1732E-04 7_7762E 01 2;639bE=OZ 3,4742E O0

] _,591'tF=01 ?.,5530E Ol 4,4549E,,04 7,Bo20E Ot 2,6482E=01 3,6356E O0
1.7061E_01 2.549j.E (11 4_7165E-04 7,7959E 01 2,6462E_01 3.7797E O0

] 1,B156E_01 2.5295E O1 4,9613E-04 7,7659E _1 2,636DE_01 3,9101E O0
1.,9204E-01 2°4980F 01 5,$915E-{14 7,7174E 01 2,6195E=01 4_0293E O0

] 2.0212E=_1 2.4572E 0% 5,4092E-04 7,6542E 01 2,5980E;01 4_1393E O0
__,1182E_01 2,4[19%E O1 5,6157E-04 7,5789E _l 2,5725E_01 4,2416E O0
_°_L?OE_-_I 2.3553F Ol 5,8124E-04 7°4938E 01 2,5436E=01 4_3371E O0
9,P350FwO% 2.3479E Ol 5.8611E-04 7,4820E Ol 2;5396E¢01 4,3601E O0

, la

Figure 24. _b_uste_ Pe_J_o_m_nce. _O_T).htI_ I_/L_ _
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N. SPECIFICATION -VALVE, PRESSURE REGULATOR_ PNEUMATIC .(AMMONIA)

i. SCOPE

i.i These specifications define the detail requirements and acceptance

criteria for a pneumatic pressure regulator valve suitable for

controlling ammonia gas. The application is for a spacecraft

thruster system.

2. APPLICABLE DOCUMENTS

2.1 Applicability. The following documents in effect on date of

invitation for bids form a part of this specification to the extent
referenced herein. In the event of conflict between this

specification and the documents referenced below, this specification

shall govern.

2.2 Military Specifications

MIL-P-5514 Packings: Installation and Gland Design.

2.3 General Electric Specifications/Drawings.

SPPS 04-O001-O0-A Component, General Specification for.

2.4 Other

ANA Bulletin 438 Age Controls for Age Sensitive Elastomeric

Materials Federal Standard No. 209 Clean Room and Work Station

Requirements for Controlled Environment.

3. REQUIREMENTS

3.1 General. The pressure regulator shall maintain outlet pressure

within required limits for all specified variations in inlet

pressure, flow demands, and short as well as long periods of

lockup. The pressure regulator must also be capable of conformance

" with all specification requirements when subjected to any combination

of operating environments and during the entire period of design

lift. Materials used shall be compatible with the ammonia gas and

• specified environmental conditions. Compact size is important.

3.2 Acknowledgments. The vendor shall reference this specification

in all quotations and all purchase order acknowledgments.

3.3 Design and Construction. All the requirements of SPPS Specifica-

tion 04-0001-00-A apply unless otherwise noted.

73
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I

I 3.3.1 Materials. All materials used shall be corrosion resistant or

suitably p,otected against corrosion, and compatible with

anhydrous ammonia and the environmental conditions specified

herein.

i 3.3.2 Ring. In the any rings must be used,B%OI_ event tlot! the

I quantity shall be kept to a minimum. The "O" rings shall con-. form to the requirements of ANA Bulletin No. 438. Design

criteria shall be in accordance with the requirements ofMIL-P-5514.

3.3.3 Seat. Soft seat material is to be used and if any bonding agent

is used, the effect of ammonia upon that agent must be known.

3.3.4 Seat Stabilization. All valve seats shall be stabilized to

reduce variation in settings and operating characteristics

under all environments, by subjecting the valve seats to a

maximum working pressure at a temperature equal to or in excess

of 125°F. The time duration shall be determined by the materials

used and the application in the particular valve design. The

vendor shall submit documentation outlining his material and

procedures.

3.3.5 Lubricants. Unless othersize authorized by the Purchaser, no

lubricating oils or greases shall be used in the regulator

valve.

3.3.6 Filter. An integral inlet and outlet filter shall be provided

to protect the regulator from contamination; the flit_r shall

be a woven stainless steel wlre type, capable of removing 98%

of all solid particulate contaminants in excess of iO microns

and i00,_ in excess of 25 microns. The filter flow area shall
be a minimum of i0 timed the flow area of the valve seat

restriction and shall be optimized to provide low pressure drop

and adequate resistance to clogging.

The vendor shall perform tests and verify the integrity of the

mesh element and the size of the mesh. Integrity means that no

tears, breaks, open seams, enlarged openings and media migration
occur within or from the filter. "

3.3.7 Fittings. Inlet and outlet fittings shall be male, and of the

AN type. Outlet to be sized for I/4-inch OD tube, inlet for
i/4-1nch OD tube.

3.4 Inlet Pressure. Inlet pressure to the regulators will vary fromJ ,J,,

30 to 220 psia.

3.5 Outlet Pressure. Approximately 22.25 psla.

3.5.1 The design of the regulator must be such that the outlet pressure

setting can be readily adjusted _ 0.5 psla by either the vendor
"': or by GE-SPPS

74
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3.6 Flow Rate. Zero to 6.3 x 10-3 ibs/sec continuously.

3.6.1 The gas flow rate range specified in Paragraph 3.6 represents
system flow rate. The regulators may be physically capable of

handling greater flow rates than the maximum of the range
defined.

3.7 Pressure Regulation. For the output pressure setting, no more
than i_ variation in output pressure level shall occur when the

system in which the regulator is installed is operated with all
other system parameters held constant except inlet pressure to

the regulator.

3.8 Lockup Pressure. For the output pressure setting, no more than
5_ variation in output pressure level shall occur for "_o-flow"
periods ranging from 0.015 seconds to 3 years. The pressure

• regulation tolerance and lockup pressure tolerance are independent
and cannot be considered cumulative wJta respect to output
pressure level variation during flow "r non-flow conditions.

3.9 Response Time. With the regulator in the lockup condition, it
shall take no more than 1 second to establisl_ f!¢." .,.d regulate
pressure within specified limits from the time a quick operating
valve adjacent to the outlet port is fully opened. It shall
take no more than 100 milliseconds to change from flow to lock-
up pressure within specified limits from the time the quick
operating valve is fully closed.

3.10 Leakage.

3.10.1 External Leakage. Not to exceed 5 x 10 -7 std cc/sec of air.

3.11 Proof Pressure. The regulator shall be capable of withstanding
a proof pressure of 350 psig without sustaining any damage or
degradation of performance. The proof pressure capability is
applicable for all individual tests or any combination of tests
tabulated below.

3.11.1 Proof pressure of 350 psig applied at inlet fitting with outlet
fitting open.

3.11.2 Proof pressure of 350 psig applied uniformly to all internal
portions of the regulator.

3.12 Design Life. Over a three-year period and in the environment
specified herein, the regulator shall meet all requirements
during and after the equivalent of 50,000 cycles. A cycle is
defined as a three-step sequence. Wlth inlet pressure being

maintained within specified limits, the outlet pressure set for

one particular value within the range specified, the regulator

is first in the lockup (no flow) condition as a result of a
downstream valve being shut. Second, the downstream quick
operating valve opens requiring the regulator to regulate
pressure while flowing. The third and final step in the cycle
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returns the regulator to the lockup condition as the quick

operating downstream valve shuts.

3.13 Environment.

3.13.1 Operating Environment. The regulator shall be capable of

operating over the temperature range of O°F to IO0°F.

Operating is required under space vacuum conditions for a

period of three years. The ability to operate in zero

gravity is required. Operating at standard atmospheric

conditions in a gravity field with the regulator installed

in any position is also required. The regulator will be

tested in a space environment simulator which operates

at 10-7 torr pressure. During its lifetime in orbit, the

regulator will experience a vacuum of less than 10-12 mm Hg.

3.14 Cleanliness Procedures and Controls.

3.14.1 Assembly Cleaning. Immediately prior to the assembly operation,

all parts which constitute the final assembly (including

shipping covers, port closures, shipping bags, etc.) shall

be thoroughly cleaned using procedures and equipment which will

provide an assembly which is clean to the level specified

herein. The gases and liquids used in this process shall

have been passed, finally, through a 0.45 micron absolute

filter. The cleaning equipment shall be so arranged that

contamination cannot get into the immediate area of the

parts being cleaned. Assembly or other tools which will

come in contact with the parts being assembled shall be

cleaned the same level as the parts. The parts shall be

cleaned until the final rinse solution contains no more than

the n.lmber of particles shown below per i00 ml of solution

filtered through a standard HA millipore filter.

Contaminate Max. Dimension, Maximum Number Particles
Microns Metallic Non-Metallic

Less than 2_ No Requirement

Greater than 26 20 150
Greater than 50 10 50

Greater than 100 0 7

Greater than 350 Non-Allowable

3.15 Shock Pressure. The regulator shall be capable of with-

standing the shock pressure (of 200 psia) resulting from the
opening of a normally closed explosive valve upstream of its

inlet fitting without sustaining any damage or degradation
of performance.

4. QUALITY ASSURANCE PROVISIONS

4.1 General. A Quality Control System shall be established and

_" maintained by the vendor to assure that components are

designed, manufactured and tested in accordance with this
¢..
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specificatlon. To assure compliance with the Requirements of

this specificatlon_ each production type component shall be
subjected to the Acceptance Tests and Procedures defined herein.

4.2 Test Conditions and Facilities

4.2.1 Standard Test Condltlons. Ambient conditions for conducting
component performance tests shall be per room ambient.

4.2.2 Performance Tests. Performance tests shall be performed at
standard ambient conditions to demonstrate the basic calibra-

tion and operating of the component. They shall consist of
the test specified below:

Physical Examination Pressure Reduction Test
Contamination Check Gas Flo_: Test

Proof Pressure Test Cycling Test followed by

Leakage "est

5. PREPARATION FOR DELIVERY

The unit shall be prepared for delivery per GE-SPPS
Speci fication 04-O001-O0-A.

._. 77
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0. A_|ONIA STORAGE TANK FILLING PRDCEDURES

During the course of laboratory testing it was periodically

necessary either to fill an empty storage tank or to replenish a

partially filled storage tank. Certain problems must be considered

when filling liquid ammonia storage vessels. The distillation technique,

sho_ in Figure 25, is a very slow process and was rejected. This

process requires reducing the temperature of the storage tank via ice

bath below the temperature of the supply bottle. The gaseous ammonia

is condensed to liquid at the cool surface of the storage tank.

A faster and more versatile technique for filling is to pressure

feed liquid ammonia directly from an inverted supply bottle into the

storRge tank. This technique requires the use of a vacuum facility

or vacuum pump. Refer to Figure 26, which illustrates this technique.

The filling seqdence is summarized as follows:

1. With valves B, C, and E closed, evacuate open lines through

valve A and D to vacuum chamber.

2. Close val_e D.

3. Open valve E. Lines will fill with liquid down to D and C.

4. Slo,vly crack open valve B to draw off NH3 vapor from ullage

5. Crack open valve C to admit liquid NH3 into storage tank.

Regulate speed of filling by opening valve B to cause rapid

drop of ullage pressure in storage tank_ then open valve C

further to supply greater quantities of liquid.

The liquid NH3 is pressure fed by the supply bottle vapor pressure

which is greater than the storage tank ullage pressure.

To cease filling and shut down, do the following:

i. Close valve B and C.

2. Close valve E.

3. Open valve D slowly to vent liquid NH 3 into vacuum chamber.

4. When all liquid NH3 is evacuated from lines_ close valves A

and D.

5. Disconnect storage tank at valves B and C. In the laboratory

set up valves B and C are retained with the storage tank at

all times.
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Storage
Tank

• Vapor

Supply Liquid

Bottle _ NH3

_-_ Ice Bath

l

4

Figure 25. Ammonia Storage Tank Filling Set-up
(Condensation Filling).
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.... _Vapor Supply
Bottle

B _ _ _R_3 (Inverted)

iqutd

Figure 26, Ammonia Stora8e Tank Filling Set-up (Liquid Filling).
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In filling the tanks during these tests, filters were not installed

in the lines connecting the ammonia supply bottle to the propellant

storage tank. While no seriou_ difficulties were encountered _uring the

testing directly attributabl9 to the lack of filters it is recommended

that they be installed in any fill system.
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Figure q 7. Nozzle Weight Flow Rate As A Function of Chamber Pressure (P4).

82

1969024501-119



Qe

360 ......

320 " /

/
" 280 .....................

/

• . /i

240 /

g 200 /

/GI

160 " • .....

/
120 /

/

• /
40 / ..............

4

0 ii

0 20 40 60 80 100 120 140

Temperature, OF

Fisura 28, Vapor Pressure of Saturated A_.onta,

83

1969024501-120



pRECEDING pAGE BLANK NOT F_LMED-

APPENDIX A

• COMPONENT AND ASSEMBLY CLE_tING

I

I
t

!
I
I

:_ 85

i

1969024501-121



PAGE 1 OF 11

GENERALe ELECTRIC .....................,_,.,..,o.'.o. .......
SPACE POWER & PROPULSION SECTION 03-o05o-00-A

............. CIH,CIHHATIr OHIO 4S215
......... n_z ................

ENGINEERINGSPECIFICATION _,_**_,_

_T-t ................................... O_lal.,.. co.,rnAc_r-"

COMPONENTAND ASSEMBLY _ING

i, ,i ii ,,,,, ,,,,, ........... _ ,...............

PREPAREDBY:__ DATE

APPROVEDBY: . "_ _ -,t DATE //_'/Z"°/, _/_"

APPROVEDBY: _'___ /"-_._-,'Ft __ , DATE_

_,-r,--rr,_n pAGE BLANK NOT F|LI4,ED-

1969024501-122



PAGE 9. OF 11

COMPONENTAND ASSEMBLY CLEANING -(3_r_HUED 27 July 1966 03-0050-00-A

1. SCOPE

1.1. _. This specification establishes procedures and material processes for
cleaning_ handling and packaging of contamination controlled items. Ref_ -ce to this
specification shall be made on engineering drawings whenever applicable. .nformatlon
or requirements on such drawings supersede this specification.

2. APPLICABLE DOCUMENTS

2.1. Government Documents

L-P-378a Plastic Film

i0 August 1960
(and amendments)

MIL-P-27401B Nltrogenj Propellant Pressurizing Agent
19 September 1962

BB-N-411 Nitrogen Technlcalj Type Ij Class I_
10 September 1964 Grade A
(and amendments)

MIL-F-5566 Isopropyl Alcohol

MSFC-Spec. 237A Freon TFj Precision Cleaning Agent
16 October 1964 (PC&)

2.2. Non-Government Documents

ARP-598 Procedure for the Determination of

1 March 1960 Particulate Contamination of Hydraulic
" Fluids by the Particle Count Method

ARP-743 Procedure for the Determination of

1 February 1963 Particulate Contamination of Air in

" Dust Controlled Spac ,s by the Particle
Count Method.

s

ADM-S0 (Milllpore Filter Corp.) Detection ,
1965 and Analysis of Contamination

ADM-60 (Milllp_re Filter Corp.) Ultracleanlng ..
1963 of Fluids and Systems

SPPS Spec. #03-0049-00-A Contamlnatlon Control Area Facilitles

July 1966

3. REQUIREMENTS
!
I

i' , 3.1. Equlpmen,t and Apparatus
_O;,o

! :.-_ 3.1. l. Mtllipore Filter Cor_oration

-.,:_
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3.1.1,1 Gas Line Filter Holders - XX40-025-00

3.1.1.2. Aerosol Standard Filter Holder - XX50-047-00

3.1.1.3. Limiting Orifices_ 0.5_ 1.03 3.0_ 4.9_ 10,0 liters/min. -XX50-000-00

3.1.1.4. Pyrex Mlcroanalysls Filter Holders - XXIO-025-00

3.1.1.5. Solvent Filterlng Dispensers - XX66-025-00

3.1.1.6. Petri Dishesj plastic disposable PD10-047-00

3.1.1.7. Vacuum-Pressure Pump - XX60-000-O0
g

3.1.1.8. Binocular Microscope and associated accessories - XX75-O00-O0

3.1.1.9. Pyrex Filter Holders - XXlO-047-O0

3.1.1.10. Hydrosol Stainless Filter Holder - XX20-047-20

3.1.1.11. Field Monitors - MAWGO37PO

3. i.i.12. Filters
j i_

3.1.1.12.1. RAWG-025-00 1.2 micron) pore size

3.1.1.12.2. AAWG-047-O0 0.8 mlcronj pore size

3.1.1.12.3. AABG-047-00 0.8 mlcronj pore size

3.1.1.12.4. HAWG-047-O0 0.45 _%cron_ pore size

3.1.1.12.5. HABG-047-00 0.45 mlcron_ pore size

3.1.1.12.6. HA_P-047-00 0.45 micron I pore size

3.1.2. Oelman Corporation
i

3.i.2.1. Pressure-Volume Filter Holders

.o 3.1.2.2. Fllters

3.1.2.2.1. Metricel - GA3 5 micron pore size

3.1.2.2.2. Metricel - G&3 1.2 _tcron pore size

3.1.3. Ultraviolet Light Sou_ue - Model BIO0 Blak Ray (or equivalent)

3.1.4. Analytical Balance -Voland Model 340D (or equivalent)

3.1.5. Vacuum Oven - NAP(X) Model 5830 (or equivalent)

3.1.6. Ultrasonic Agitation Equipment
m

89
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3.1.6. I. For Intennedfate Cleaning - Model GI60 - National Ultrasonlcs Corporation.

3.1.6.2. For Final Cleanlng - Model )_D-25-F ,:-Branson Corporation.

3. I.7. Laminar Flow _dules

3.1.7.1. Model LF10 SP676 Baker Corporation

3.1.7.2. Model LF4421 SP675 Baker Corporation

3.1.8. Heat Sealer - Aud£on 580A

3.1.9. Vapor Degreaser - Detrex Model VS-800-S

3.1. I0. Fllterlng Flaske - Heavy wallj with tubulatlon - 10NO ml.

3.1.11. Sampling Bottles - standard "mllk dilutlon" bottles s.'rlbed at 99 ml.

3. I. 12. "Saran" wrap or "Mylar"

!
3.1.13. Polyethylene bags and sheets - 0.005 in. thick or greater per L-P-378a.

3.2. Chemlcals and Gases

3.2.1. Freon "TF" _ per MSFC237 (PCA)

3.2.2. Freon T-WD602

3.2.3. Isopropyl Alcohol_ per MIL-F-5566

3.2.4. Delonlzed Water

3.2.5. Detergent - Bendix Corporatlon_ DIRL-SOF-601

3.2.6. Di rl-Rinse

3.2.7. Nitrogen gas_ per MIL-P-27401b

3.2.8. Nitrogen gas, per BB-N-411

i 3.2.9. Acetone _ Reagent Grade

3.2.10. Ethyl Alcohol, Reagent Grade

3.2. Ii. Trlchlorethylene_ Reagent Grade

3.3. Materials Processing. Various materials shall be processed in accordance with

the following table for optimization of eontamtnation control.

.;.-:._

_:.
.i
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[ Material Process Applicable Section (Paragraph)

1. Metallic Components (a) Preclean 3.4.1.1. or 3.4.1.2.
I

! (b) Intermediate Clean 3.4.2.1. (Note)
(c) Final Clean 3.4.3.1. and/or 3.4.3.2.

I

: (d) Visual Inspect 3.4.4.

(e) Verify Cleanliness 4.3. and 4.5. (if required)(f) l_ackage 5.1.

NOTE: Delete paragraph 3.4.2.1.3. for anodized aluminum components

2. Elastomers and (a) Clean 3.4.2.1. (Note)
Other Non-Me_allics (b) Visual Inspect 3.4.4.

(c) Package 5.1.

NOTE: Cleaning of non-metallics shall only be performed with the concurrence of
the analytical chemist assigned to the Space Power and Propulsion Section

• Contamination Control Facility.

3. Materials with (a) Preclean 3.4. I.2.

special surface (b) Final Clean 3.4.3.2.
treatments (c) Visual Inspect 3.4.4.

(cadmium platlngj (d) Verlfy Cleanliness 4.3. and 4.51 (if required)

etc.) (e) Package 5.1.

3.4. Cleaning Processes and Procedures

3.4.1. Precleanln_. All parts shall be visually examined_ before entering the
contamination control areaj for undesirable or excessive contamination on their

" surfaces. If such contamination exists I appropriate treatments (pickling# vapor
honing) shall be used for removal. These treatments and following precleaning
treatments shall be conducted external to the control area.

3.4.1.1. Vapor Degreasin_ of Machined Parts. All machined metallic parts, excepting
those with special surface treatments_ shall be degreased in trtohlorethylene vapor
as follows:

3.4.1.1.1. Position parts in a basket or rack which will permit maximum drainage.
t

3.4.1.1.2. Lower parts into the vapor. They shall remain in the vapor until
condensation on their surfaces stops. Parts shall be rotated to insure maximum

"" cleaning action. A degreasing spray lance should be used on parts containing
rscesses and/or cavities.

3.4.1.1.3. Slowly reuove the basket or z'ack from the degreasin_ tank and allow
parts to drai_ and dry.

3.4.1.2. Cold De_reasing. Selected metallic parts shall be preclein,d by rinsing
in a suitable solventj such as trtchlorethylene, acetone or Fl_on TF. Ult_onic
agitation will considerably enhsnce_ this clean/rig opera_ion I when l)e_rt taLks-up
permits. Brushing and scrubblnf may be a_qulz_d to remove certain oontmatnatlon.
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._ylon bristle brushes and/or lint free cloths shall be used in this process. After
degreastng, parts shall be allowed to dry.

3.4.1.3. Transportation into Contamination Control Area. After precleaning, all
parts shall be placed in visually clean polyethylene bags_ per L-P-378a, or covered
containers for transportation into the control area.

3.4.2. Intermediate Cleaning. This step in the processing shall be used prt_arily
to prepare parts for final cleaning to specified levels. However, due to the
configuration or cleanliness requirements for particular components the steps described
as follows _ay serve as a final cleaning operation; hence_ In these cases, only a
determination of the component cleanliness will be required after such processing.

All parts shall be handled, from this stage in the processing to final
packaging with lint free gloves or by mechanical means such as tongs 3 tweezers, etc.

3.4.2.1. Ultrasonic Cleanln_ (Deter_ent-Delonlzed Water Solution). This cleaning
t.reatment shall be conducted at room temperature. Power to the ultrasonic transducer
shall be adjusted to attain optimum solution activity during the operation. The
filtration system to the ultrasonic tank shall be "blanked off" during agitation to
attain maximum cleaning effects. Farts which have special surface treatments shall
not be ultrasonically agitated, since this treatment would tend to damage the prepared
surfaces.

3.4.2.1.1. Solution shall be mixed at a proportion of 5 ounces detergent per gallon
of delonized water. The rinse tank shall contain deiontzed water_ to which has been
added 4 ounces of Dirl-Rinse per gallon of water.

3.4.2.1.2. All aluminum parts shall be segregated from others before cleaning_ since
different processing is required. Aluminum components shall be submerged in the
ultrasonic detergent solution for a maximum of 5 minutes_ with medium solution activity.

" 3.4.2.1.3. Stainless steel and most other metallic components shall be similarly

submerged in the detergent solution for time intervals up to 30 minutes_ using maximum

: solution activity.

3.4.2.1.4. After ultrasonic agitation treatment has been completed_ parts shall be
placed in the rinse tank for 5 to 10 minutes t using mechanical agitation to assist
in rinsing action.

3.4.2.1.5. Parts shall be rinsed with filtered detonized water over the laboratory
sink. The water is filtered through a 5 micron prefilter and a 1.2 micron final
filter. The filters shall be changed on a weekly basis during normal working periods.

3.4.2.1.6. Parts shall be finally rinsed with filtered tsopropyl alcohol_ per MIL-F-5566_
dispensed from a solvent filtering dispenser. The alcohol shall be filtered by passing
through a 1.2 micron filter encased in tie dispenser bottle. This filter shall be

changed on a weekly bs_is or as required to o_taln sufficient flow.v"

: 3.4.2.1.7. Tie parts shall then be dried by placing them in a stream of dry_ filtered

! _... (1.2 micron) nltrogen_ per BB-N-41i. Parts shall be stored in visually clean poly-

_ ethylene bags_ per L-P-378a_ if fin!l cleaning operation does not immediately follow.
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[ 3.4.3. Final Cleaning. All processing described in this section shall be conducted

I within the _:orking spaces of the laminar flow clean modules, All equipment used shall
• be cleaned in accordance with specification SPPS 03-0049-00-=_.
I
|i

3.4.3.1. Ultrasonic Cleaning - Freon TY SPEC 237 (Precision Cleaning Agent). The
ultrasonic equipment shall be the vapor-rinse system contained within one of the

i permanent ultraclean benches.

3.4.3.1.1. Before assemblleq cleaned in the ultrasonic Freon TFparts or are systemj

! they shall have been processed through the appropriate procedures outlined in Sections
t 3.4.1. and 3.4.2.

)
3.4.3.1.?. Parts shall be placed on hooks or in a basket to allow for maximum

drafnage_ lowered into the vapor and held there until condensation on parts ceases.

3.4.3.1.3, Work shall be transferred to sonic reservoir and power to ultrasonic
transducer turned on and adjusted to ootaln optimum activity, Parts should remain lu

• reservoir for a minimum of 5 minutes. Parts shall be repositicned in reservoir s as
required_ to eliminate air locks and insure maximum cleaning action.

3.4.3.1.4. Parts shall be returned to vapor rinse tank and held again until condensation

stops. Slowly r_move parts from vapor side and allow to dry.

3.4.3.1.5. Alternate Ultrasonlc Cleanln_ Method using Freon TF (PCA). This method

shall be used for cleaning larger components which will not fit within the tank of the

ultrasoni ; vapor-rifle system.

3.4.3.1.5.1. ( ,mponents shall be placed in a container wh._ch has been precleaned and

flushed with ultraclean Freon TF. Sufficient Freon TF (filtered through a 0.45 micron

filter) shall be added to envelop parts and the container covered.

3.4.3.1.5.2. Entire container shall be lnserteo in ultrasonic tank used for intermediate

cleaning. (NOTE). Tank should be filled with a convenient fluid for transmission of

sonic waves. Apply energy to transducer for appropriate time interval.

NOTE: This tank shall be used because of larger capacity.

3.4.3.1.5.3. Container shall be removed 2 excess fluid draineO from its exterior_ and
' allowed to dry. After dx .'tng_ container shall be returned to laminar flow bench_

4 opene_ and cleaned component removed. Sample of Freon TF used_ shall be taken _,nd
saved for later determination of sample cleanliness. Sampling techniques shall be in

accordance with procedures indicated in ADM 30 and ADM 60 (Mllllpore).

3.4.3.2. Flushln_ (Freon TF - Precision Cleaning Agent_. This process shall be used
for final cleaning of parts that would not lend themselves to the ultrasonic Freon TF
system due to size or material considerations.

3.4.3.2.1. No parts az_ to be flushed unless they have been pz_._essed through the

appropriate procedures indicated in Sections 3.4.1. and 3.4.2.

• 3.4.3.: . Freon TF used for flushing shall have passed through a 0.45 m£cz_,:, filter.

A solvsn_ filtering dispenser shall be used for flushing small parts; whereasp larger

parts shall be flushed with Freon supplied from a precleaned apparatus ¢.lpparatus

_ cleaned and flushed with filtered Freon TF).
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3.4.3.2.3. Parts shall be flushed individually by holding them wlth forceps 3 etc.• or
placing them in a basket and inserting the basket into a catch basin. This will
normally depend on the size and/or complexlty of the parts involved.

3.4.3.2.4. Protective measures shall be taken when flushing and handling parts _o

insure that neither dry skin particles or skin oils enter the flushing system or parts
being flushed.

3.4.3.2.5. Adequate means shall be taken to insure that all parts are thoroughly
flushed.

3.4.3.2.6. Parts shall be dried after flushing by placing them in a stream of dry
filtered (1.2 micron) nitrogen.

3.4.4. Visual and Ult_v£olet Light Inspect iol_.

3.4.4.1. Visuaiinspectlon. %11 parts shall be inspected by unaided eye for the
presence of foreign matterj etc. • on all accessible surfaces. Particles larger than
50 microns in size may be detected by this method.

3.4.4.1.1. Lighting shall be of sufflcien_ intensity to maintain 50 foot-candles on

all surfaces being inspected.

3.4.4.1.2. Special devices shall be used +o assist In the inspection of inaccessible

surfaces_ as dictated by the application.

:,4.4.2, U1t_Rvlolet Light Inspection. All parts shall be examined fo,"the presence
of petroleum type hydrocarbon_ and fluorescent particles by visual inspeczlon methods
•"Ith the aid of an ultraviolet lamp.

3.4.4.2.1. The area where this inspection shall take place must be capzble of being

completely blacked-out (absence of white llght).

3.4.4.3. Recleanin_. If _tther the visual or ultraviolet light inspection tests
indicate unacceptable foreign matter_ parts shall be recleaned.

4. QUALITY ASSURANCE PROVISIONS

The following sections describe procedures for 1_ verification of air particulate J
contamination in the control area_ 2) verification of cleanliness level_ of final
rinse test fluldsj 3) determination of cleanliness levels and non-volatile residues
associated with cleaned components_ and 4) indicate general cleanliness levels to be
determined by using processes described in this specification.

4.1. Airborne Cleanliness Verification. A determination of the air particulate
contamination within the contr_l area shall be conducted on a weokly basis. _3e
results of these tests shall be documented and maintalne_ on record. The trsts shall
shcw that the area external to +.he iamtnar fl(_ ultraclean modules meets Class lOOjO00

levels_ while the modules shall meet Class 100 levels_ as defined by Federal Standard
#209.

5"

4.1.1. General procedure to be followed for sampling and counting Ibail be in
- acccrdance with ARP (Aerospace lteeosmended Practice) 743p with t_¢ following ex ,options:
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4.1.1.1. Sampling shall be performed under normal working condtttons_ at predetermined
areas_ both within the laminar flow modules and in the contamination control area.

4.1.1.2. Sampling equipment shall be covered with clean polyethylene material for
transportation from laminar flow bench 3 (where filter is initially placed in holder)
to sampling area.

4.1.1.3. AI1 counting of particle contaednation shall be conducted on the laminar
flow ultraclean benches.

4.1.1.4. Only a qualitative determination of the acceptability of the laminar flow

modules may be made by following the indicated practice (ARP-743)_ since the smallest
particle that may be counted by this technique is 5 microns in size and compliance
with Federal Standard #209 dictates that no particles larger than 4 microns in size (per
cubic-foot of air) shall be determined and still meet Class 100 requirements. Sere-
fore, examination of the filters used In checking the laminar fiow modules shall show

no particles 5 microns or larger in size; if none are detected the module shall be
4 considered as Class 100 and acceptable for usage.

4.2. Cleanliness Level Verification of Final Flush Fluid. A determination of the

particulate contamination in the solvents used for final cleaning_ flushing_ etc.3
shall be made daily using procedures indicated in _ 598. Results of such zests
shall be documented and maintained on record; copies of results should also accompany
data sheets related to parts cleaned and checked for cleanliness on that day. All
test solvents shall be passed through filters_ whose pore sizes range from 0;45 to
1.2 microns; before being sampled or before being passed over parts to be sampled.
The maximum particle count of the final flush fluid sample shall be no greater than
10% of the allowable particulate contamination for parts being cleaned. The cleanli-

ness of parts_ processed per Section 3.4.3.1.5._ shall be determined by measuring
contamination levels existent in the Freon TF used.

4.3, Particulate San_ltng of Cleaned Parts. All apparatus used shall be cleaned_
per _ction 3.3._ and flushed with ultraciean Freon TF. The following procedure
shall be used to determine the cleanliness of parts processed per Section 3.3.

4.3.1. Rinse parts with appropriate solvent (Freon TF for parts cleaned with Freon)
which has been passed through a 0.45 micron pore size filter. Discard efflux liquid.

a 4.3.2. Place a filter (0.45 micron pore size) in the sampling apparatus between the
frltted glass base and funnel.

4.3.3. Rinse part with additional solvent, preffltered through a 0.45 micron filter s
directly over pyrex filter funnel. If part does not lend itself to rinsing directly
into funnel_ efflux liquid may be collected in a clean glass beaker.

4.3.4. A minimum of lO0 ml. of solvent per square foot of significant surface area
shall be used_ unless otherwise specified. If area is less than a square foot_ it
shall be treated as a square foot.

4.3,5. A note of caution should be interjected here: Exercise proper care in

handling to insure against introduction of contamination from external sources
(loose skin parttcles_ ltnt_ hair ! etc.).

¥.
L.
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4.3.6. Apply vacuum to draw solvent through the filter. When filtration is 2/3

completed_ release the vacuum_ to allow some liquid to remain in the funnel. Carefully
rinse down the walls of the funnel with ultraclean solvent. (Do not rinse filter

surface directly, as this will upset the distribution of particles on the filter
surface). Reapply vacu'lm until funnel is empty and filter is dry.

4.3.7. Turn off vacuum and remove clamp and funnel so that filter remains on fritted
glass base.

4.3.8. Remove filter from base_ using unserrated tipped forceps, and transfer to a
clean petri dishj grid side up.

4.3.9. Conduct a particle count on the filter_ using procedures indicated In ARP-598
and ARP-743_ to determine if component has been satisfactorily cleaned.

4.3.10. When requirements dictate a non- .olattle residue testj a blank test sample
shall be drawn from the fresh solvent prior to flushing and the filter efflux remaining
in the vacuum flask shall be retained for a comparative test after sampling.

#

4.4. Cleanliness Levels of Cleaned Parts. The cleanliness levels obtainable by using
processes described In this specification are as shown in the following table.

Particle Size Maximum Number of Partlcles/lO0 ml. of Solvent Passed Over

microns Coarponent Surfaces

10 - 25 160
25 - 40 40
40 - 80 20

)so o
*80-250 (Fibers) 0

Components or assemblies cleaned In accordance with this specification shall have no
greater surface contamination than that indicated in the above table.

Fibers larger than 80 microns shall be considered only when they appear In the
background count of the test filter. If any such fibers_ found after cleaning_
were not initially present on the filter surface_ subject parts shall be
reprocessed.

4.5. Non-Volatile Residue (NVR) Determi_=tion. Non-volatile residue tests shall be

conducted on the basis of 100 ml. of solvent per square foot of surface area_ using

the following procedure.

4.5.1. A blank or comparative sample of the unused solvent is required. It shall
be obtained in a manner identical to that used to obtain the test sample_ except that

it shall no_._thave passed over the pa_ts being tested.

4.5.2. Transfer I00 ell. of solvents (blank and test sample) Into clean dry beakers_
evaporate to 10-20 ml.

4.5.3. Quantitatively transfer to constant weight (_0.1 aq;. tared) weighing containers.

4.5.4. Continue evaporation to approximately 8 ml. Do not allow solvents to
evaporate to dryness.

4.6.5. Place both containers in a constant temperature oven at 220-230"F hold for

1 hour at temperature. 96
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4.5.6. Remove containers 3 cool and Yelgh to nearest 0.1 rag. 3 repeat steps 4.5.5. and
4.5.6. to cot stant weight.

4.5.7. Subtract weights of containers in step 4.5.3. 3 from weights of containers and
residues in step 4.5.6.

4.5.8. Compare results obtained for both used and unused solvent. The difference in
weights shall not be greater than 0.8 ms. The blank sample shall have a maximum
of 2 rag.

4.6. Filter Examination. The filters used for sampling of cleaned parts_ shall be
examined visually with the aid of an ultraviolet light_ for the presence of hydro-
carbons or other fluorescent particles. This inspection shall indicate no visible
particles or fluorescence.

4.7. Rejection. Parts or assemblies which havp not been processed in accordance
with this specification shall be rejected un] "Jo dictated by superceding documents.

4.8. Re_rts. Reports which include all pertinent processing data and results of
quality assurance testing_ shall accompany cleaned components.

5. PREPARATION FOR DELIVERY

5.1. Packaging and Identification. Specific type of packaging shall normally be.o.

included with particular part specification. However_ when such is not specifted_
the following shall apply.

, 5.1.1. After final inspection and before packaging 3 all components and assemblies
7 shall be reinspected with an ultraviolet lamP3 as per Section 3.4.4.2. Any fluorescent

• =._ areas shall be wiped clean with a lint-free cloth s dampened with ultraclean Freon TF

_' 5.1.2. No plastic port closures shall be permitted.

g_ 5.1.3. Parts shall be wrapped in polyethylene sheeting (per L-P-378a) which has been
cleaned appropriately with filtered (1.2 micron pore size) nitrogenj per specification

_ MIL-P-B7401b. The sheeting shall also have been inspected for fluorescence with the
;.. ultraviolet light. The sheeting shall be secured wlth Scotch Brand 471 White Plastic
"- film (or equivalent).

5.1.4. The wrapped parts are then contained in two heat sealed polyethylene bags
(per L-P-378a) with a tag between them 3 which indicates part identity and level of
cleanliness of parts inside.

6. _8.
eme.emumm.o

: _ DEFINITIONS= Ultraolean Freon - Freon TF which has passed through a 0.45 micron

[ _. pore size filter immediately before contact withsuz'_aces being flushed o_ oleaned.

I _ Fiber - A partiole ls_rge: than 80 microns s with a lenfth to width
[ : ratio _eater than 10:1.

: _."

I
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1. SCOPE

1.1. Sco_._. This specification describes the Space Power and Propuiston Section contami-
nation control facilities and establishes the practices to be followed for maintenance of
the ares and equipment located therein. Reference to this specification shall be made on

engineering drawings whenever applicable.

2. APPLICABLE DOCUMENTS

2.i. Government Documents

Federal Standard #209 Clean Roou and Work Station Requlrements_ Controlled
i

16 December 1963 Environment.

, 2.2. Non-Government Documents

" ARP 598 Procedure for the Determination of Particulate

: March i 3 1960 Contamination of Hydraulic Fluids by the Particle
Count Method.

: ARP 743 Procedure for the Determination of Particulate

! February 1, 1963 Contamination of Air in Dust Controlled Spaces .
[ by the Particle Count ;' thod.

! ADM 30 (Mtlltpore Filter Corp.) Detection and Analysis
I 1965 of Contamination.

I
SPPS Spec. No. 03-0050-00-A Component and Assembly Cleaning.

, July 1966
I
,: 3. KEQUIK_mmTS

I

i 3.I. Clean Room Construction and Equipment De!criptlon_ The "Clean Room" is a limited
I access contamination control al_a In which positive preslurtzed I filtered incoming alr

;i " is supplied and which contains laminar flow ultraclean modules. The area external to
the clean modules I within the clean l_m I shall be mainta/Jaed at a class 1001000 level Ii

per Federal Standard 209.

3.1.1. Laminar Flow Modules. All modules shall contain HBPA type absolute filters
which are 99.975; effective at removinf particles fl_t the air Stl_S: 0.3 micron in
size. All _,ntts shall umet class 100 contamination levels as defined by Fedel_l Standard
209. Both portable and permanent type modules (benches) shall be available for use. One
of the permanent modules shall contain an Ultl_sonic siltation unit.

3.1.2. Ultrasonic AKitatio.U Bquipment

3.1.2.1. _tt Us_ed for Zntezsmd!ate CleaninK. This unit shall have a 10 Sallon
ultrasonic tank and a 10 Kalion rinse te_k. Both tanks shall be connected to filters
which will remove contaminants I 10 miem_8 or laaqrer in slse_ fl_t the contained llquidl.
Both tanks shall be constructed of itainleas steel.

:¢
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3.1.2.2. Unit Used for Final Cleaning Within Clean Bench. This unit (3.5 ft 3 volume)
shall be an ultrasonic vapor-rinse system 3 contivuously filtered_ during operation_
through a 1 micron filter. The tank shall be c_nstructed of stainless steel.

3.1.3. Waterj Gas and Vacuum Supplies. Deionized water_ high pressure gas and vacuum
sources shall be located external to the clean area and shall be brought into the area
by means of stainless steel piping.

3,1.4. Air Suppl_. Incoming air to the control area shall be passed through a spun
glass filter. A positive air pressure of 0.12 mm. Hg minimum (relative to external rooms)
shall be maintained in the area.

3.1.5. Room_ Furniture and Preparation

3.1.5.1. Chairs shall be constructed from non-abradable materials and shall have hard

rubber wheels,.

3.1.5.2. Working surfaces_ excluding those within the laminar flow modules_ shall be
covered with Formica tops (one piece with rounded edges).

3.1.5.3. Sink in the room shall have an acid resistant top_ bowl and piping.

3.1.5.4. Floor covering - Vinyl with limited seams.

3.1.5.5. Walls shall be painted with epoxy enamel.

3.1.5.6. Ali light fixtures shall be covered with sealed glass shields.

3.1.6. Other Equi_men t

3.1.6.1. Millipore analytical filtration and sampling apparatus.

3.1.6.2. Microscope - Binocular type with movable stage - 40X_ 100X_ 200X magnification

with measuring eyepiece.

3.1.6.3. Ultraviolet Light - portable_ 50-60 cyclej long wavej mercury quartz lampo

3.1.6.4. Analytlcal Balance - capable of wei_t determinations to ± 0.0001 gm.j 500

gm. total capacity.

3.1.6.5. Vacuum Oven - i ft3 volume (optional).

3.1.6.6. Bag Sealer - for sealing thin polyethylene sheeting.

3.1.6.7. External-Internal "interco_' system.

k 3.1.6.8. Positive air lock window with slove ports for inspection of parts (optional).

i 3.2. Clean Room Re_latlons

I
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3.2.1. Only authorized personnelj directly concerned with cleaningj testing, fabrication
and quality control of parts within_ shall be permitted within the area (room).
Authorized personnel shall _e designated by the clean room supervisor.

3.2.2, Traffic into and out of the area shall be kept at a minimum. Communications

_ith personnel working inside shall be made through the use of the "intercom" system.

3,2.3. Personnel entering the room shall wipe their shoes_ on a floor mat provided_
before entering the room. Immediately after entering the roomj plastic booties shall
_e placed on shoes.

3.2.4. Only "Vellum" paper shall be used in, the CleaI_ area; minimum quantities shall be used

3.2.5. All test flxtures_ tools_ monitoring equlpment_ etc._ required in the clean area

shall be free from oil_ grease and other obvious contamination. All toollng_ etc.
used shall be removed from the room at the completion of associated operations.

3.2.6. Gas supplyj Incoming delonlzed water 3 and vacuum lines shall be fabricated from
_'pe 300 series stainless steel whenever possible. No high pressure gas bottles_ vacuum

sources, or water purification equipment shall be permitted within the clean room.

3.2.7. Chemicals required for the various cleanlng operations shall be carried into the

control area as requlred_ maintaining the quantities therein at a minimum. Rese_,e
supplies of these chemlcals shall be stored extez1_al to the clean room.

3.2.8. No abrasive materials_ such as sandpaperj lapplng compounds_ etc._ nor any

abrading operations shall be permitted in the clean room. Cotton swabs shall not be
used in the room at any time.

3.2.9. The floors in the room shall be mopped weekly with a free-rinsing detergent

solution. All bench topsj walls_ and ledges (excluding laminar flow benches) shall be
wiped weekly with a damp lint-free cloth.

3.2.10. Smoking_ eating_ and drinking are prohibited within the clean room at any tim__._e.

3.3. Maintenance and Control of Laminar Flow Modules. In general_ the use of the laminarJ ,., ,,,, , , w

flow modules shall require more strigent controls, than the surrounding areas in the
clean room_, to maintain maximum cleanliness.

3.3.1. The laminar flow benches shall be used primarily for the following operations:

3.3.1.1. Final flushing_ ultrasonic agitation and cleaning of parts.(Note).

3.3.1.2. The assembly and testtn8 of cleaned parts.

3.3.1.3. The particulate counting of air contamination and hydraulic contamination
scruples.

._OT£: One laminar flow bench contains ultrasonic agitation equipment as an integral
part of the unit.

105
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3.3.2. All personnel working in the clean ro_._ and within the portable lamlnar flow

clean modules shall wear llnt free head covers_ boots and smocks. All of these garments
shall be changed on a,weekly basis_ minimum.

3.3.3. The working surfaces of the ultraclean modules shall be wiped dally with a

lint-free cloth, saturated with a suitable solvent which has been ultracleaned.
Equipment located within the benches shall be similarly cleaned on a daily basis.

3.3.4. No paper shall be permitted within the working areas of the clean modules.

4. QUALITY ASSURANCE PROVISIONS

4.1. Airborne Cleanliness Verification. A determination of the air particulate contami-

nation _ithtn the control area ,hall be conducted on a weekly basis; using procedures
indicated in ARP 743. These tests shall show that the area external to the ultraclean

laminar flo_" modules meets class 100:000 level 2 while the modules shall meet class 100
levels, as defined by Federal Standard 209. The results of such tests shall be documented

and maintained on record. If Indicated cleanliness levels are not observed_ appropriate

measures (changing of f_lters in laminar flow modules_ recleaning of floors and walls 3
etc.) shall be taken to alleviate the condition.

4.2. Ultrasonic Fluids Cleanliness Verification. Following procedures indicated in

ARP 598 the fluid in the ultra_ntc agitation unit_ used for final cleaning_ shall be

tested weekly to establish time of change for the filtering elements. This testing shall

be conducted as required_ but on a weekly baels as a minimum. The maximum particle

count from such tests shall be no greater than 10% of the allowable particle contamination

of parts to be cleaned In this unit. If counts of greater than 10_ are observed_ filtering
elements shall be changed and the cleanliness of the fluid reverified before the unit

shall be considered ready for parts cleaning./ :

4.3. UltravioletLight Inspection. The contamination control area shall be inspected
by means of an ultraviolet lamp_ under completely blacked-out conditions. This in-

-, spectlon shall be conducted immediately after daily and/or weekly cleaning. The presence

of hydrocarbons_ as indicated by this lnspectton_ shall necessitate recleantng and

reinspection until none are observed. All tooling# etc. shall be similarly inspected
before use and recleaned_ if necessary.

" 5. PREPARATION FOR DELIVERY. Not applicable.

6. ._tl_S. None

7. DEFINITION. Ultraclean solvent - A solvent which has passed through a 0.45 micron

filter before being used. Filter located at list possible point in supply line.

(,
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• NOTICE

Thisreportw_ preparedasan accountof Governmentsponsoredwork.
Neither the United States,nor the National Aeronau_csand Space

• Aclministruzion(NASA), nor any personactingon behalf of NASA:

A.) Makesany warranty or representation,exprmud or implied,
with rBpect to the accuracy,completane_ or umfuJ_m of the
information contained in this report, or that the _e of any
information, apcwltus, nH_0d, or proems di_tosed in this
reporXmaynot infringeprivatelyownedrighzu;or

S.) Aluml any lid)ilitki with _ to the use of, or for
clamagm_.'ting from the useof any information,apparatus,
methodor procesdisclosedinthisreport.

As used Ibove, "person acting on bet,elf of NASA" includesany
eml_oyeeor _ of NASA, or employeeof mch conuucU_,
to the extent that suchImMoytmor contractorof NASA,orem.ploy_
of inch _ pmparez,_ or provtdmacml to, any
informationpurzmmtto hisemploymentor contractwith NASA.orhis
employrmmtwith zucncontm_or.
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